Theoretical study of spin dependent transport in nanoscale spintronic systems by MA MINJIE






M.Eng., Beijing Jiao Tong University, Beijing, China
A Thesis Submitted for the Degree of
Doctor of Philosophy
Department of Electrical and Computer Engineering
National University of Singapore
2010
Acknowledgements
Firstly, I’d like to thank for the financial support from Ph.D. Research Scholarship
provided by National University of Singapore. It is great that the university offers
friendly, convenient and excellent studying environment.
Secondly, I am so grateful that I have been supervised by Prof. M. B. A. Jalil, who
closely supervised me all the way through the four year study. Without him, I would
not be able to finish my Ph.D.. He is passionate in doing research and patient in guiding
students. He sets a good example for me and other students on how to be a researcher.
Thanks should also go to my co-supervisors Dr. S.G. Tan and Dr. G. C. Han. They
gave me valuable advice whenever I met with problems in my research. They are so
helpful and always willing to help. Besides, I’d like to thank other teammates in our
group, Guo Jie, Bala, Takashi, Chen Ji, Nyuk Leong, Zhuo Bin, Gabriel..., my friends
Guangyu, Sun Nan, Ji Xin, Ho Pin, etc. and those in China.
Lastly, I have to say “thank you” to my dear family in China. They gave me endless





List of Figures viii
Publications, Conferences and Awards xv
List of Abbreviations xviii
1 Introduction 1
1.1 Basic concepts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.1.1 3D, 2D, 1D and 0D systems . . . . . . . . . . . . . . . . . . . . . 4
1.1.2 Density of states . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.1.3 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.1.3.1 Metal, semiconductor and insulator . . . . . . . . . . . 7
1.1.3.2 Magnetic material and non-magnetic materials . . . . . 8
1.1.4 Length scales . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.1.5 Basic spin concepts . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.1.5.1 Pauli matrices . . . . . . . . . . . . . . . . . . . . . . . 15
1.1.5.2 Spin polarization . . . . . . . . . . . . . . . . . . . . . . 16
1.1.5.3 Spin relaxation . . . . . . . . . . . . . . . . . . . . . . . 17
1.1.5.4 Zeeman splitting . . . . . . . . . . . . . . . . . . . . . . 18
1.1.6 Transport regime . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
1.1.7 Magnetoresistive effect . . . . . . . . . . . . . . . . . . . . . . . . 20
1.1.7.1 Giant magnetoresistance . . . . . . . . . . . . . . . . . 21
1.1.7.2 Tunnel magnetoresistance . . . . . . . . . . . . . . . . . 25
1.1.8 Spin-dependent single electron tunneling . . . . . . . . . . . . . . 26
1.2 Motivations and objectives . . . . . . . . . . . . . . . . . . . . . . . . . 28
1.3 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
ii
CONTENTS
2 Spin dependent transport in nanoscale CIP SVs 32
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.3 Spin-flip and spin diffusive effects on GMR . . . . . . . . . . . . . . . . 39
2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3 Coherent spin dependent transport in QD-DTJ Systems 44
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.2 Single energy level QD . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.2.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.2.2.1 Hamiltonian . . . . . . . . . . . . . . . . . . . . . . . . 50
3.2.2.2 Tunneling current and tunnel magnetoresistance . . . . 52
3.2.2.3 Retarded Green’s function . . . . . . . . . . . . . . . . 55
3.2.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . 57
3.2.3.1 Spin-flip effects . . . . . . . . . . . . . . . . . . . . . . . 57
3.2.3.2 Coupling asymmetry effects . . . . . . . . . . . . . . . . 67
3.2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
3.3 QD with Zeeman splitting . . . . . . . . . . . . . . . . . . . . . . . . . . 72
3.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
3.3.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
3.3.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . 77
3.3.3.1 Fully polarized current . . . . . . . . . . . . . . . . . . 77
3.3.3.2 Switching the polarization of the current . . . . . . . . 80
3.3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
3.4 Diluted magnetic semiconductor QD system . . . . . . . . . . . . . . . . 84
3.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
3.4.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
3.4.3 Non-collinearity dependence of the spin dependent transport . . 90
3.4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
4 Incoherent spin dependent transport in a QD based DBMTJ System 96
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
4.1.1 General Hamiltonian . . . . . . . . . . . . . . . . . . . . . . . . . 99
4.1.2 Transport regimes and master equation . . . . . . . . . . . . . . 100
4.1.2.1 Sequential tunneling . . . . . . . . . . . . . . . . . . . . 101
4.1.2.2 Cotunneling . . . . . . . . . . . . . . . . . . . . . . . . 102
4.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
4.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
4.3.1 Collinear system . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
4.3.1.1 I-V characteristics and TMR . . . . . . . . . . . . . . . 112
4.3.1.2 Occupancies and spin accumulation in the QD . . . . . 113
4.3.1.3 Spin-flip effects . . . . . . . . . . . . . . . . . . . . . . . 115
4.3.2 Noncollinear system . . . . . . . . . . . . . . . . . . . . . . . . . 120
4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
iii
CONTENTS
5 Spin dependent transport in a nanoscale SET system 127
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
5.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
5.2.1 Tunneling current in sequential tunneling regime . . . . . . . . . 130
5.2.2 Tunneling current in cotunneling regime . . . . . . . . . . . . . . 134
5.2.3 Tunnel magnetoresistance . . . . . . . . . . . . . . . . . . . . . . 136
5.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
5.3.1 Spin polarization effect . . . . . . . . . . . . . . . . . . . . . . . 137
5.3.2 Spin-flip effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
6 Conclusion and future work 145
6.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
6.2 Suggestions for future work . . . . . . . . . . . . . . . . . . . . . . . . . 150
6.2.1 Study of spin transfer torque through DMSQD system . . . . . . 150
6.2.2 Spin dependent transport through graphene . . . . . . . . . . . . 151
6.2.3 Spin dependent transport through topological insulator . . . . . 152
Bibliography 153
A Current in the DMSQD system 161
B Effective polarization of FM leads 167
iv
Summary
Spintronic devices make use of the spin properties of electrons besides its charge proper-
ties. They are novel devices which potentially have faster operation speeds, low energy
consumption and smaller size. One of the widely used spin effects in spintronic de-
vices are magnetoresistive (MR) effect, which includes giant magnetoresistance (GMR)
and tunnel magnetoresistance (TMR) effect. One of the most interesting nanoscale
spintronic devices is few-electron devices, such as quantum dot (QD) based spintronic
devices.
The theoretical work behind these applications has been attracting tremendously
intensive interest since 1980s. One of the most important aspects of the theoretical study
of spintronics is to model the spin dependent transport (SDT) through these devices.
SDT naturally occur in spintronic devices where there exists an imbalance between
different spin populations. In this thesis, we focus on the SDT through magnetoresistive
devices and ferromagnetic single electron transistors (FM-SETs).
Firstly, we studied the SDT and GMR effect in a current-in-plane spin-valve (CIP
SV). We modeled the SDT through the CIP SV device using the well established Boltz-
v
SUMMARY
mann equation method, systematically incorporating the effect of the spin-flip scattering
which might occur in the bulk of each layer or at their interfaces. The combined effects
of spin-flip scattering and interfacial diffusive scattering on GMR are investigated as
well.
Secondly, we analyzed QD based spintronic devices, in which a central QD is attached
to two electrodes via tunnel junctions. These devices are referred to as QD based dou-
ble tunnel junction (QD-DTJ) systems. The coherent and incoherent SDT through the
QD-DTJ systems are theoretically studied based on the Keldysh nonequilibrium Green’s
function (NEGF) approach and the master equation methods, respectively. For mag-
netoresistive QD-DTJs where the two electrodes are ferromagnetic (FM), the tunneling
current and TMR are characterized with respect to the spin-flip events, the polarizations
of the FM electrodes, the noncollinearity between the magnetization of the electrodes,
and the coupling asymmetry between the two junctions. For non-magnetoresistive QD-
DTJs where the two electrodes are non-magnetic, we analyzed the effect of Zeeman
splitting in the QD on the tunneling current. The tunneling current is found to be fully
spin polarized when the system is under a proper bias voltage, and the polarization of
the current can be switched via an applied gate potential to the QD. The use of a diluted
magnetic semiconductor (DMS) in a QD-DTJ with FM electrodes is also studied, with
a focus on the non-collinearity effect on the tunneling charge current, spin current and
TMR.
Finally, we investigate the SDT through nano-scale single electron transistors (SETs)
with FM source and drain, employing the master equation formalism. The I − V char-
acteristic is investigated in the cotuneling and sequential tunneling regimes. We found
that the spin-flip scattering and the polarization of the FM electrodes maybe utilized
vi
SUMMARY
to suppress the leakage current in the cotunneling regime.
In conclusion, we have theoretically studied the SDT through CIP-SVs, QD based
spintronic systems and SET system. Besides, a bi-polarized spin current generator and
a optimized SET are proposed. The SDT models and investigations for those nanoscale
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In 1897, the physicist J. J. Thomson discovered the electron in a series of experiments
designed to study the nature of electric discharge in a high-vacuum cathode-ray tube.
Two decades later in 1922, two physicists, O. Stern and W. Gerlach, observed the
splitting of one silver beam after the beam passed through an inhomogeneous magnetic
field (schematically shown in Fig. 1.1). This observation suggested that electrons have a
quantized intrinsic magnet momentum. The intrinsic magnetic property of an electron
is referred to as the electron spin, which has two discrete levels, i.e., spin-up and spin-
down, as shown in Fig. 1.2. The “spin-up” electron is the electron with the z-component
of the spin-angular momentum of Sz = +12~ and the “spin-down” electron is the one
with Sz = −12~.
The employment of the electron spin in electronics gives rise to a new type of field, re-
ferred to as “spintronics” [1]. Spintronics combines the advantages of both conventional
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Figure 1.1: Illustration of the Stern-Gerlach experiment. The graph is adopted from
Theresa Knott.
electronics and spin, such that it may offer higher degrees of integration, nonvolatil-
ity, lower power consumption, and higher speed and functionality. Thus, spintronics is
becoming one of the promising candidates for future devices to overcome the limit of
conventional metal-oxide-semiconductor (MOS) devices [1–11]. Research in spintronics
has traditionally been characterized by unusually rapid transitions to the commercial
market,starting with the discovery in 1988 of one the giant magnetoresistance (GMR) ef-
fect in magnetic layered structures. GMR based nanostructures has already been widely
used as read heads in computer hard disk drives and also in magnetic sensors. Another
successful application of spintronics is the magnetic random access memory (MRAM)
which is fast emerging as a possible substitute for today’s computer . MRAM is a new
technology based on the tunneling magnetoresistance (TMR) of magnetic tunnel junc-
tions (MTJ). It is expected that future progress in spintronics research will continue to
lead to new applications, in particular when semiconductor and magnetic technologies
become more integrated. [12] One of these possible spintronic devices are ferromagnetic
single electron transistors [13–15], which may find applications in single spin logic and

















Figure 1.2: Spin up (left) and down (right) electrons.
Numerous theoretical and experimental studies have been performed on spintronic
devices over the last few decades. [1, 2, 5, 11, 16–18] As more and more interesting ex-
perimental results are presented for spintronic devices, theoretical understanding of the
mechanisms behind these results began to attract ever-growing interest. In spintronic de-
vices, the electron-transport is spin-dependent. The theoretical study of spin-dependent
transport (SDT) is to set up theoretical models for the SDT in spintronic devices.
SDT models are essential for the theoretical study of spintronic devices, since the
models provide the platform for analyzing the many SDT properties which include I−V
characteristics for spin and charge current, the GMR or TMR and other spin effects.
The analysis of the SDT properties helps one understand and explain the experimental
results, providing guidance to future experiments. On the other hand, the investigations
on the SDT properties might lead to the proposals of optimized or new types of spintronic
devices.
As the dimension of spintronic devices approaches nanoscale, SDT models which
include quantum effects need to be established, so that a thorough understanding of
the transport mechanisms can be achieved, and experimental data can be examined or
verified. In this thesis, we theoretically study the SDT through several types of nanoscale
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spintronic devices. These nanoscale spintronic devices are: current-in-plane (CIP) spin
valves (SVs), quantum dot based double tunnel junctions (QD-DTJ) and ferromagnetic
single electron transistors (FM-SETs).
The rest of this chapter is organized as follows. In the Section 1.1, we introduce
several basic concepts in spintronics. In Section 1.2, we give a general introduction of
two important magnetoresistive (MR) effects, namely the GMR and TMR. In the last
two sections, we discuss the motivations and aims of this thesis, followed by the outline.
1.1 Basic concepts
1.1.1 3D, 2D, 1D and 0D systems
In momentum k space, an electron has three dimensions, kx, ky and kz, whose directions
are normal to each other. When the physical size (L) of a system decreases along any
dimension of the real 3-dimension (3D) space (Lx, Ly and Lz), the energy levels of
electrons in the corresponding dimension of the k space becomes discrete, e.g, kx = pinxLx ,
where nx = {0, 1, 2, ...} is the level index. In the following, we show the energy of
electrons in 3D, 2D, 1D and 0D systems respectively.
In a 3D system, or a bulk material, the energy of electrons are continuous in each












where m∗ is the effective mass of an electron, and ~ is the reduced Plank constant,


































Figure 1.3: Systems of different dimensions in real space and momentum space, and
their DOS as a function of energy.
radius is kF are all occupied by electrons, whereas those which are outside the sphere
are not occupied. kF is called Fermi wave vector, and the surface of the sphere is called





In a 2D system, e.g. a quantum well, where the energy level is quantized along one



















In a 1D system, or quantum wire, the energy levels are quantized along two dimen-






















In a 0D system, or quantum dot, the energy levels are quantized along all three























The energy of electrons in 3D, 2D, 1D and 0D systems (given in Eqs.1.10-1.4) are
schematically shown in Fig. 1.3. In this thesis, we mainly study the SDT through 3D
and 0D systems.
1.1.2 Density of states
The density of states (DOS) is the key property of the solid state that is often en-
countered in the study of nanoscale structures. DOS (denoted by ρ) is the number of
electrons per unit energy and per unit volume, i.e., ρ = dNVrealdE , where N is the total
number of electrons in the continuous energy area in k space, Vreal is the volume of
system in real space. The total number of electrons are given by N = VkVek , where Vk is




)D is the volume in k space occupied
by each electron, and D = {3, 2, 1, 0} for 3D, 2D, 1D and 0D systems, respectively. The
DOS for 3D, 2D, 1D and 0D systems are schematically shown in Fig. 1.3.























1 + exp[(E − EF ) /kBT ] , (1.5)
where EF is Fermi energy, kB is the Boltzmann constant, and T is the temperature. In
Fig. 1.4, we show the Fermi-Dirac function as a function of energy for three different
temperatures.
1.1.3 Materials
1.1.3.1 Metal, semiconductor and insulator
Electrical conductivity is a key property of materials in electronic and spintronic appli-
cations. Depending on their band structure, materials can be generally classified into
three groups: conductors, semiconductors and insulators. Conductors include all met-
als and have high conductivities, semiconductors have intermediate conductivities and
insulators have the lowest (negligible) conductivities.
In materials, electrons interact with all other particles in the solid. They may pos-
sess only the energies that belong to some permitted energy regions, due to the laws
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Figure 1.5: Schematic diagram of the energy band structure of conductors, semicon-
ductors and insulators. Ec, Ev, Eg and EF are the conductance band, valance band,
energy gap and Fermi energy, respectively.
diagram. Only electrons in conduction band can move under bias voltage and then gen-
erate current. The energy band structures of conductors, semiconductors and insulators
are shown in Fig. 1.5. As shown in Fig. 1.5, for conductors, there is no energy gap (Eg)
between the conduction band (Ec) and valance band (Ev), and all the electrons at the
Fermi surface can conduct current. For semiconductors and insulators, there is a gap
between Ec and Ev. The main distinction between semiconductors and insulators lies
in the size of the gap, with insulators having Eg >∼ 3 eV. Due to the energy gap, for
both intrinsic semiconductors and insulators, the Ev (under the EF ) are fully occupied
by electrons, whereas the Ec (above the EF ) are empty.
1.1.3.2 Magnetic material and non-magnetic materials
Electrons in atoms have two degrees of freedom, i.e., spin and orbital movement. Mag-
netic moments originate, on an atomic scale, from both the orbital and spin of sub-atomic
particles, but these effects are also influenced by the electronic configuration of different
elements and the way they combine chemically. In matter, the greatest magnetic effects
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are due to the spins of electrons rather than their orbital moments. In molecules, the
uncompensated spins also play an overwhelming role. The filling of the shells is governed
by Schro¨dinger’s wave equation and the quantum numbers (n, l,m, s). Electrons fill up
the lower energy levels first and then gradually move up to higher energy levels. Besides,
electrons are added to subshells in parallel spin configurations first. If all electrons are
paired, there is no net “spin” magnetic moment. These materials are magnetic due to
the electron’s orbital motion. For matters consisting of atoms with unpaired spins, not
all of them are magnetic. Whether they are magnets or not depends strongly on the
subtle difference in the environment felt by the electrons.
Depending on the atomic structure of the constituent of atoms and the interaction
between the orbitals and spins of electrons, materials have two intrinsic properties,
susceptibility and permeability. Susceptibility show how responsive a material is to an
applied magnetic field, whereas permeability show how permeable the material is to
magnetic field. The stronger the susceptibility is, the more likely a material can be
magnetized; the higher the permeability, the longer a material’s magnetization can be
retained. Depending on these two properties, the magnetic effect in materials can be
divided in to five groups,
1. Ferromagnetic material: Materials in which there are unpaired spins. The un-
paired spins are quantum mechanically coupled. Ferromagnetic materials are the
ones normally thought of as magnetic; their susceptibilities are positive and high
enough so that they are attracted to a magnet strongly. These materials also have




2. Ferrimagnetic materials: Material in which the unpaired spins are partially com-
pensated due to anti-parallel coupling of some of the spins. Their susceptibility
and permeability are similar to but weaker than ferromagnetic materials.
3. Paramagnetic materials: Materials which have uncompensated spins. Paramag-
netic substances such as platinum, aluminium, and oxygen are weakly attracted to
a magnet. This effect is many orders of magnitude weaker than in ferromagnetic
materials.
4. Anti-ferromagnetic material: Materials in which all the unpaired spins are can-
celed due to antiparallel coupling. Antiferromagnetic materials exhibit special
behavior in an applied magnetic field depending upon the temperature. At very
low temperatures, the solid exhibits no response to the external field. At higher
temperatures, some atoms break free of the orderly arrangement and align with
the external field. This alignment and the weak magnetism reach their peak at
the Ne´el temperature. Above this temperature, the weak magnetism produced in
the solid by the alignment of its atoms continuously decreases as temperature is
increased.
5. Diamagnetic materials: Materials in which all the electron spins are paired. The
permeability of diamagnetic materials is less than the permeability of a vacuum.
All substances not possessing one of the other types of magnetism are diamagnetic;
this includes most substances, such as carbon, copper, water, and plastic etc.
Superconductors are strongly diamagnetic and repel magnetic fields from their
interior.













Figure 1.6: Spin configurations of materials with different magnetic effect (zero mag-
netic field).
1.6. In ferromagnetic metals, the DOS at Fermi level are spin dependent, which is shown
in Fig. 1.7.
Another special type of magnetic material is diluted magnetic semiconductor (DMS).
DMS can be created by doping ions like Mn, Fe, or Co which has a net spin into a
semiconducting host such as GaAs, ZnO, or GaN. Depending on the dopant, the net
spin carrier can be either an electron or a hole. The interaction among these net spins
leads to ferromagnetic order at low temperatures, which is necessary to create spin-
polarized carriers. Depending on the alignments of the net spins, DMS are divided in
to paramagnetic DMS and ferromagnetic DMS. Fig. 1.8 shows the electron and hole
states for nonmagnetic semiconductors, paramagnetic DMS and ferromagnetic DMS.
1.1.4 Length scales
In this section, several important length scales are introduced.


















Figure 1.7: DOS of spin-up (up arrow) and spin-down (down arrow) electrons in (a)







Figure 1.8: Electrons (green) and holes (gray) in three types of semiconductors. Non-
magnetic semiconductor contains no magnetic ions. In the Paramagnetic DMS, the net
spins (orange arrows) are with holes and show paramagnetic property. In the ferromag-













Figure 1.9: Elastic (blue line) and inelastic (red line) scattering of electrons in k space,
where k is the initial momentum, and k′ is the momentum after scattering.
Mean free path (MFP) is defined by the momentum relaxation time , τm, which is
interpreted as the time it takes before the electron has lost its initial momentum.
MFP is not identical with the collision time, since if at each collision the electron
is scattered only by a small angle, then very little of the momentum is lost. In this
case, the momentum relaxation time is much longer than the collision time. MFP is
the product of Fermi velocity and momentum relaxation time, i.e., λMFP = vF τm.
Three types of scattering in k space is shown in Fig.1.9.
2. Phase relaxation length (Lφ)
Phase relaxation length is the average distance that an electron travels before it
experiences inelastic scattering which destroys its initial coherent state, such as
electron-phonon scattering. Besides, impurity scattering may also contribute if it
has internal degree of freedom to absorb or emit energy quanta. In high-mobility
degenerate semiconductors, Lφ is the same or shorter than the MFP; while in low-
mobility semiconductors, Lφ is considerably longer than the MFP. In the latter
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case, Lφ = (Dτφ)
1/2, where D = v2F τm/α is the diffusion coefficient, τφ is the phase
relaxation time, α is quantum confinement factor and is 3 for 3D system, 2 for 2D
system, 1 for 1D system.
3. Fermi wavelength (λF)
The wavelength of a free electron is given by the de Broglie wavelength λB =
h/ (2mE)1/2.
In the case of electrons in solid, however, they have to fill up the k space obeying
Pauli’s exclusion principle. The wavelength of the electrons at the highest energy
levels is called Fermi wavelength. The momentum here is the Fermi momentum
kF , which is given by kF = pin for 1D system, kF =
√




3pi2n for 3D system, where n is the carrier density.
4. Spin diffusion length (lSD)
This characteristic length scale defines the average distance that a spin can travel
before it flips. Unlike the previous length scales, the spin diffusion length is the
direct result of diffusion processes for magnetization and momentum and can be
understood when approached as a random walk problem. For the lateral displace-




where N is the number of momentum scattering events and λMFP is the MFP.
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The total path traveled by the spin before flipping is
NλMFP = vF τσ, (1.7)
where vF is the Fermi velocity and τσ is the spin relaxation time for electron with
spin “σ”. Combing Eq. 1.6 and Eq. 1.7 yields
lSD =
√
λMFP vF τσ. (1.8)
1.1.5 Basic spin concepts
1.1.5.1 Pauli matrices
Pauli matrices are certain special constant Hermitian-matrices with complex entries.
They were introduced by W. Pauli to describe spin (~S) and magnetic moment (~µ)
in a proper quantum mechanical treatment. [19] In the treatment, spin ~S = ~2~σ and
~µ = e~2mc~σ, describe correctly in the non-relativistic case particles of spin
~
2 and can be
obtained from the Dirac equation [20]. Here, ~σ = {σx, σy, σz} are Pauli matrices, which
are two dimensional because the spin at each direction can only have two eigenvalues.














In spin dependent transport (SDT), the spin polarization (SP) can be defined in two
ways, in terms of DOS polarization and current polarization, respectively.
Firstly, the most natural and most often used definition of SP ( denoted by p) is
the difference between the DOS of spin-up and spin-down electrons at the same energy
level. This energy level is normally referred to the Fermi energy level (EF ) of FM metal,
since the electrons at EF can be thermally excited and carry the current.
In Fig. 1.7, we have shown that the DOS of spin-up and spin-down electrons at EF
of FM materials are asymmetrical, where up-spin is along the magnetization of the FM






where ρ↑ and ρ↓ presents the DOS at Fermi energy level for spin-up and spin-down
electrons, respectively.
The other commonly used definition of SP in SDT is given by the difference between









Spin relaxation is the process through which spin relaxes towards equilibrium. The
relaxing processes usually involve spin-orbit coupling which provides the spin-dependent
potential, and momentum scattering which provides a randomizing force. The typical
time scales for spin relaxation in electronic systems are measured in nanoseconds, and
the spin relaxation time range is from pico- to microseconds. Here are four principal
mechanisms of spin relaxation in semiconductors. [12]
1. Elliott−Yafet mechanism
In this mechanism, the spin relaxes by momentum scattering. Bloch states with
spin-orbit coupling are an admixture of up-spin and down-spin Pauli states. The
scatterings which connect different momentum states includes spin-flip scatterings.
An electron might undergo a thousand to a million scattering events before its spin
is flipped.
2. Dyakonov−Perel mechanism
This type of spin relaxation operates in systems with no inversion symmetry. In
these systems the momentum of spin doublet is split into up-spin and down-spin
singlets. The energy difference between the two split states is proportional to the
spin-orbit coupling. This splitting is equivalent that due to momentum-dependent
magnetic field, in which spins precess, then get scattered to precess along a different





This type of spin relaxation mechanism occurs in p-doped semiconductors. The
electron spin relaxation is due to electron-hole exchange coupling, in which an
electron spin is exchanged with the spin of holes.
4. Hyperfine interaction
For the spin states localized on donors or in quantum dots, hyperfine interactions
with surrounding nuclear spins is the dominating mechanism of spin decoherence.
The electron spin is exchanged with that of nuclei.
1.1.5.4 Zeeman splitting
In the absence of applied magnetic field, in most atoms, several electrons are of the
same energy, so that transitions between these electrons and other electrons of another
energy correspond to a single spectral line. In the presence of a magnetic field, the
degeneracy of the energy level is broken and split to several sublevels. This splitting
is referred as Zeeman effect or Zeeman splitting (ZS). The ZS is due to the interaction
between the magnetic field and electrons with different quantum numbers, resulting in
the modifications of the electrons of the same energy level. The splitting of one energy
level gives rise to several very close spectral lines.
Specifically, if the energy level is spin degenerate and could be occupied by two
electrons of opposite spins at the same time, this energy level splits two single spin energy
levels, up-spin energy level and down-spin energy level, respectively, in the presence of
an applied magnetic field. The energy difference between these two energy levels is
gµBB, where g is the electron spin g-factor, µB is the Bohr magneton, and B is the
applied magnetic field. The ZS is shown schematically in Fig. 1.10.
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Figure 1.11: Different transport regimes according to various length scales, where L is
the size of the system.
1.1.6 Transport regime
In general, electron transport (including charge and spin transport) can be described
by the appropriate type of theoretical transport methodology of the transport regime
applicable in the device or a given experimental system. Compared to charge transport,
spin coherence can be maintained on much larger time scales. Terms like spin relaxation
length and spin lifetimes are related in the discussion of SDT. There are various transport
regimes according to the comparison between the system size and different length scales,
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as shown in Fig. 1.11. The properties of these transport regimes are discussed below.
1. Classic diffusive transport (classic regime)
In this regime, the system size L is far larger than both MFP λMFP and phase
relaxation length Lφ. Electrons experience many elastic and inelastic scattering
events while passing through the material. The transport can be described by
the simple Drude model for non-interacting electrons and semi-classic Boltzmann
equations for real metals.
2. Coherent transport (mesoscopic regime)
In this regime, the system size L is between the range∼ [λB, Lφ]. The electron
wavefunctions have a well-defined phase throughout the system. Quantum inter-
ference phenomena such as AB oscillations, weak-localization and universal con-
ductance fluctuations can be observed.
3. Ballistic transport (ballistic regime)
In this regime, system size L is smaller than the MFP λMFP , and the electrons
will pass through the system without any scattering.
1.1.7 Magnetoresistive effect
Nanoscale spintronic devices normally are structure consisting of metal, metal-insulator
and semiconductor. Among spintronic devices, devices based on magnetoresistance
(MR) effect are one of those which have been used in practice. MR effect refers to the
change in the electrical resistance of a material due to an external magnetic field. There
are two main applications of the MR effect: the giant magnetoresistance (GMR) effect in
magnetic metal multilayers [21] is used as a field sensor in the read head of modern hard
20
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disc drives, and the tunnel MR (TMR) effect in ferromagnet−insulator−ferromagnet
(FM-I-FM) structures [22] is used for nonvolatile magnetic random access memory
(MRAM) devices and as a field sensor. Below, we discuss the GMR and TMR effects,
mainly on their principles and application structures.
1.1.7.1 Giant magnetoresistance
The GMR effect, which marks the staring point of modern spintronics, was indepen-
dently discovered by P. Gru¨nberg in Germany [23] and A. Fert in France [21] in 1988,
by applying a strong magnetic field to (001)Fe/(001)Cr superlattices. Later in 1990,
this effect was also found in Co/Cu multilayers [24]. In both of these two multilayer
structures, the FM layers (Fe or Co) are separated by a non-magnetic (NM) layer (Cr or
Co) of a few nm thickness. A significant reduction of the electrical resistance is observed
when the magnetization of the FM layers are parallel, compared to the antiparallel case.






where AP and P stand for antiparallel and parallel configurations of the FM layer’s
magnetization.
In a GMR multilayered system, the current flow can be along two directions, i)
parallel to the plane of each layer; ii) perpendicular to the plane of each layer. These
two configurations are referred to as current-in-plane (CIP) and current-perpendicular-
to-plane (CPP), respectively. The core structure (FM/NM/FM/NM/FM) of these two











Figure 1.12: GMR multilayer systems in parallel case (a) and antiparallel case (b),
both for current-in-plane (CIP) and current-perpendicular-to-plane (CPP) geometries.
function of the applied magnetic field in Fig. 1.13. Normally, at the remanence, the
magnetization alignment of the multilayer swings from parallel to antiparallel.
However, there are limitations of the multilayer structure, i) the difficulty of fab-
ricating the multilayer structure, ii) the requirement of high applied field, and iii) no
sharp switch between the two alignments. Due to these reasons, the GMR effect was not
used in applications, until the invention of spin valve (SV) structure [25]. SV structures
typically consist of a FM layer pinned by direct exchange coupling to an antiferromag-
netic layer and separated by a decoupling NM layer from an unpinned and magnetically
soft “free” ferromagnetic layer, whose magnetization can be easily switched by a small
applied magnetic field.
A typical SV is shown in Fig.1.14, whose active region comprises a trilayer GMR
structure, which consists of two FM layers separated by a NM layer. One of the FM
layers (free layer) is much softer than the other (fixed layer), so that the former will












Figure 1.13: Resistance as a function of magnetic field in GMR multilayers, where the
arrows stand for the magnetization of FM layer.
Figure 1.14: A typical CIP SV structure. (Source: Hitatchi GST.)
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As shown in Fig.1.14, the magnetization of the fixed layer is pinned or exchange-
biased in a certain direction by a pinning layer (antiferromagnetic exchange layer). The
pinning layer is used as a reference layer. The magnetization of free FM layer depends
on the external magnetic field. Between the pinned layer and free layer, there is a thick
NM spacer layer to prevent any magnetic coupling between the layers. There are also
layers which act as a buffer (to provide a good growth surface) and a cap (to avoid
oxidization of the sample in the air). The whole sample is deposited on a piece of Si
substrate which is many thousand times thicker than the whole multilayer structure.
The active region of a SV is in general a Fe/Cr/Fe or Co/Cu/Co trilayer.
The SDT in GMR SVs can be described by a simple two current model [26]. In this
model spin-up and spin-down electrons are treated as two independent current channels
of which there is negligible interchange (i.e. spin-flip scattering), at least within the brief
timescales defined by spin-relaxation time. Therefore, the electrical resistivity/mobility
of the up- and down- spin channel is different. For instance, if the spin polarization
of the FM material is p, the current for spin up (down) electron is J↑ = J2 (1 + p)
[J↓ = J2 (1− p)], where p =
(
J↑ − J↓) / (J↑ + J↓). When current passes from FM metal
to nonmagnetic(NM) material in an ohmic contact, the current is spin-polarized due to
the mobility difference (indirectly due to DOS). Likewise, if current passes from FM to
NM by tunneling via insulator, the current is polarized due to directly DOS asymmetry.
Therefore FM can be used as spin-polarizer in spintronic circuits.
The more complete semiclassical description of the GMR effect is given by the Boltz-




A CPP SV trilayer active region could be a magnetic tunneling junction (MTJ) when the
spacer is replaced by a ultrathin insulator with a thickness of about 1nm. The insulating
layer is so thin that electrons can tunnel through the barrier if a bias voltage is applied
between the two FM electrodes. In MTJs the tunneling current depends on the relative
orientation of magnetizations of the two FM layers, one of which is fixed, while the other
can be changed by an applied magnetic field. The differences between the resistances in
parallel and antiparallel alignment of the two magnetization gives rise to the MR effect
in such systems, called tunneling magnetoresistance (TMR) effect. MTJs usually use
Ni−Fe or Co−Fe as electrodes and an (amorphous) Al2O3 or MgO as tunnel barriers.
The tunnel magnetoresistance (TMR) effect was reported in 1975 in a Co/Ge/Fe
magnetic tunnel junction (MTJ). [22] TMR ratio as high as 603% at room temperature
(RT) was reported recently in a Ta/CoFeB/MgO/CoFeB/Ta pseudo-spin-valve MTJ.
[27] Theoretically even higher values of several thousands percent were predicted for a
Fe/MgO/Fe MTJ. [28] The high TMR has enabled its applications in read heads for
hard disk drives, magnetic field sensors, galvanic isolators, and MRAM. [1]
TMR can be explained by Jullieres model [22], which is based on two assumptions:
1)the electron spin is conserved in the tunneling process, and 2)tunneling of up-spin
and down-spin electrons are two independent processes, so that the conductance occurs
in the two independent spin channels. Based on these assumptions, electrons of one
spin state in the first FM electrode can only tunnel to the unfilled states of the same
spin in the other FM electrode. If the magnetization of the two FM layers are in


































Figure 1.15: Spin dependent transport in terms of DOS in the FM layers of a MTJ
system.
(majority) and majority(minority) spin states, respectively, as shown in Fig.1.15. In the








where p1(p2) is the polarization of the corresponding FM layer.
1.1.8 Spin-dependent single electron tunneling
The continual effort in making electronic devices smaller has many interesting scientific
consequences. For instance, it is now gradually possible to make nanostructures in solid-
state devices that contain an integer number of conduction electrons. These electron




When the electron box is coated with a thin insulator film and coupled to two
electrodes via tunnel junctions (schematically shown in Fig. 1.16), the system is known
as a double tunnel junction (DTJ) system. In this system, electrons can only tunnel
through the electron box one by one at low temperature due to the charging effect (also
known as Coulomb blockade). This electron tunneling process is referred to as single
electron tunneling. This DTJ system can be a single electron transistor (SET) [13] when
a gate is applied to the electron box.
For normal-metal nanoparticle-DTJ system, the single electron tunneling is due to
the charging effect, which means a single additional electron has to overcome a charging
energy to tunnel from the electrode to the electron box. The charging energy arises
from the interaction between the single additional electron coming to the nanoparticle
and the collective electrons already in the nanoparticle. In the capacitance model,
the charging energy is given by EC = e2/2C, where C is the total capacitance of the
nanoparticle [31]. For semiconductor QD-DTJ system, the single electron tunneling
is affected by the quantized energy levels of the QD. The charging energy is equal to
the energy difference between the lowest unoccupied (LU) energy level and the highest
occupied (HO) energy level of the QD, plus the Coulomb energy between this LU energy
level and other energy levels. Studies with quantum dots were first performed during
the 1990s. By now it has become standard technology to confine single-electron charges.
Electrons can be trapped for as long as one desires. Changes in charge when one electron
tunnels out of the QD can be measured on a nanosecond time scale [32].
In the DTJ system, the single electron tunneling process becomes spin-dependent
when the electrode or the electron box is a spin polarizer (where the DOS for spin-up













Figure 1.16: A few electron box coupled to two electrodes via insulator. Vb is the bias
voltage, under which the electrons tunnel through the electron box one by one.
exists the interplay of the spin dependent transport with quantum and/or single electron
charging effects. It is then possible to observe several quantum spin phenomena, such as
spin blockade, high TMR ratio, Kondo effect etc. [6,14,33–36] The spin dependent trans-
port through these DTJ system are mainly based on the master equation accompanied
by orthodox theory [37] for metal nanoparticle-DTJ system, and the Keldysh nonequi-
librium Green’s function (NEGF) approach [38] for semiconductor QD-DTJ system.
1.2 Motivations and objectives
In this thesis, we are motivated by the tremendous commercial success of nanoscale
spintronic devices, including GMR SVs and TMR MTJs, as discussed above. Our
primary objective is to better understand the SDT and related characteristics of both
commercialized and promising spintronic devices. In particular, we present theoretical
studies of the SDT, which includes modeling, numerical simulation and analysis, of CIP
SV, QD-DTJ and FM-SET devices. The SDT phenomena is studied based on the semi-
classical i) Boltzmann equation [39–41] and master equation [34,42,43] approach, and the
mesoscopic ii) Green’s function (GF) formalism [38,44]. Based on these formalisms, we
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develop models which systematically incorporate practical considerations such as spin-
flip, temperature, spin polarization, noncollinearity, coupling asymmetry and investigate
their effect on transport properties, including the I−V characteristics for charge and spin
currents, GMR and TMR. Thus, our studies make it possible to suggest optimization
strategies for both existing and promising spintronic devices. Additionally, based on our
theoretical studies on SDT, we are able to propose novel spintronic devices.
1.3 Outline
The topics covered in this thesis are shown in Fig. 1.17. Below, we introduce the main
work presented in each chapter.
In chapter 2, we propose a theoretical model to analyze the SDT through a CIP-SV.
Based on the theoretical model, we study the Boltzmann transport and GMR effect
in a typical pseudo-SV structure consisting of a Fe/Cr/Fe trilayer. We focus on the
dependence of GMR on the temperature, FM layer thickness dependence, and the effect
of the spin-flip scattering or the interface diffusivity.
In chapter 3, we study the coherent SDT in DTJ systems, which consists of a quan-
tum dot (QD) coupled by two leads via tunnel junctions. This type of system is referred
to as QD-DTJ system. During the modeling, we adopted the Keldysh nonequilibrium
Green’s function (NEGF) approach along with the equation of motion method. This
chapter consists of three sections. In the first section, we theoretically study the SDT
through a QD-DMTJ system with FM leads, and a QD with a single energy level. Two
types of spin-flip events, namely the spin-flip within the QD and spin-flip during tun-
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Figure 1.17: Topics covered in each Chapter of the thesis and their correlations.
spin-flip are investigated for the spectral functions of the dot, the tunneling current, and
the tunnel magnetoresistance (TMR). In the second section, the Zeeman splitting in a
QD is modeled and shown to be able to generate a fully polarized tunneling current, for
a QD-DTJ system with two NM leads and a FM gate for the QD. In the last section,
the SDT is theoretically investigated for a QD-DTJ system where both a DMS QD is
sandwiched between two FM leads. The tunneling current through this QD-DTJ system
is rigorously derived, including the angular difference between the magnetization of the
DMS QD and the magnetization of the two parallel leads. The angle dependence of the
spin and charge currents and TMR are also analyzed.
In chapter 4, we consider the incoherent SDT through a QD-DMTJ system where
two energy levels in the QD are involved in the tunneling process. The SDT through this
QD-DMTJ system is studied by the master equation method. Two tunneling processes,
namely sequential tunneling and cotunneling are studied in the transport model. The
tunneling current, TMR, the spin accumulation in the QD, and the occupancies of the
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electrons or holes in the QD are then analyzed. Factors affecting these include the
polarization of the leads, the non-collinearity of the magnetization of the two leads, the
coupling asymmetry between the two tunnel junctions, and spin-flipping within the dot
and during tunneling events.
In chapter 5, we study a SET with FM source and drain electrodes and a gate
to modulate the chemical potential of the island. The SDT through this FM-SET is
theoretically modeled based on the master equation. The way of suppressing the leakage
current in this SET is proposed, by utilizing the spin properties of the electron transport.
In the last chapter, we conclude the work done in this thesis and propose possible
directions for future work.
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Spin dependent transport in nanoscale CIP SVs
2.1 Introduction
The theoretical study of spin dependent transport (SDT) in magnetic multilayers has at-
tracted much research interest since the discovery of the giant magnetoresistance (GMR)
effect in 1988 [21, 23]. The models used to describe the SDT and the GMR effect in
the current-in-plane (CIP) geometry are largely based on the semi-classical Boltzmann
equation. The well-established linear Boltzmann equation in the relaxation time ap-
proximation was used by Camley and Barnas´ [45, 46] to study the GMR effect in the
Fe-Cr and Co-Au magnetic multilayers. Subsequently, the model was used to study
the magnetotransport in both CIP [39] and current-perpendicular-to-plane (CPP) spin-
valves [40, 41]. Compared to microscopic models, such as those based on the quantum
mechanical Kubo formula [47–50], the models which utilize the Boltzmann equation are
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more readily applicable [51,52], and agree well with experimental results [46].
Spin-flip (SF) scattering and spin relaxation may play a more prominent role in CIP
as opposed to CPP spin-valves. In CIP transport, the conduction electrons traverse
across the different layers and interfaces several times. Thus, spin relaxation can have
a significant effect even if the thickness of each layer in the spin- valve is much smaller
than the spin diffusion length [53]. It is therefore necessary to incorporate the effect of
SF scattering in the bulk and at the interfaces in the transport model. Gu et al. [54]
extended the Boltzmann transport model to incorporate the effects of SF on the GMR
of a magnetic multilayer system. However, in their model there is no clear distinction
between the effect of SF scattering in the bulk and that at the interfaces.
In this chapter, we propose a semiclassical transport model (given in Section. 2.2),
which systematically incorporates the effect of SF scattering in the bulk and at the
interfaces, by introducing two extra parameters r and q. On the basis of our numeri-
cal results given in Section. 2.3, we discuss the GMR dependence on SF and non-SF
scattering in the bulk and at the interfaces, for various electron mean free path (MFP)
values in the ferromagnetic (FM) layer [55]. We also analyze the combined effects of SF
and interfacial diffusive scattering on the GMR.
2.2 Theory
We consider a pseudo-spin-valve (SV) structure consisting of a Fe/Cr/Fe trilayer of
current-in-plane (CIP) geometry, as shown in Fig. 2.1. An artificial boundary (dotted
line in Fig. 2.1 (b)) is introduced in the center of the nonmagnetic (Cr) spacer layer,
and the spin quantization axis of the top (bottom) half of the spacer is set parallel to
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Figure 2.1: (a) Fe/Cr/Fe current-in-plane spin-valve (CIP SV) trilayers, with the two
magnetization of the ferromagnetic layers (Fe layers) in parallel (top) and antiparallel
(bottom) alignments, where the current flows along the in-plane direction of the layers,
the arrows in the layers stand for the magnetization, the green lines and red lines show
the less and greater scattering of electrons in the layers, respectively. (b) Schematic
diagram for the axes employed to theoretically model the spin dependent transport in
the CIP SV shown in (a). The current flow and the applied electric field E are along
the x axis. The z axis is normal to the trilayer. The y axis is normal to both the x
and z axes. Li (i=1 to 4) denotes the different layers of the SV structure. The arrows
denote the magnetization directions of the Fe layers. The dotted x axis (at z=0) in the
middle of the Cr layer marks the boundary where the reference spin axis is rotated by
an angle θ.
the magnetization of the left (right) Fe layer.
In the CIP SV shown in Fig. 2.1, the charge and spin currents in each layer are
determined by solving the distribution functions (fσ) for up- (down-) spin electrons in
that layer. Due to the translational symmetry within the plane of the multilayer, and
the infinite boundaries in the x and y(in-plane) directions, we may assume that the
distribution function fσ is dependent only on the electron velocity v and the spatial
z position (in the perpendicular to plane direction). In equilibrium, the Boltzmann
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where fσ is the distribution function of electrons, and σ = ±1 for the up-/down- (↑ / ↓)
spin. For fσ, it is convenient to separate out the equilibrium (f0) and non-equilibrium
(gσ) components, i.e. fσ(z, v) = f0(v) + gσ(z, v).









where vz is the velocity of electrons moving in z direction.









where k˙ is the momentum derivative with respect to time, k is the momentum. One
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where ² is the energy and vx is the velocity in x direction. Using the following three
identities, i) the group velocity vx = 1~
∂²
∂k , ii) the energy ² =
~2k2
2m + ²0, where m is the











For the scattering term in Eq. (2.1), we consider two contributions, i) momentum
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(fσ − f0)− f
σ − f σ¯
τσf
, (2.6)
where σ¯ refers to spin orientation opposite to σ, τσ is the average time between spin
conserving momentum scattering events, and τf σ is the SFrelaxation time. The first
term after the second equal sign on the right hand side of Eq. (2.6) describes both spin
conserving and non spin conserving (i.e. involving SF) momentum relaxation events,
while the second term describes the spin relaxation process.






















Note that the last term in Eq. (2.7) shows that the distribution functions for spin-
up and down electrons are coupled. Since the focus of our study is on the interfacial
contribution to GMR, we will assume the scattering lifetime within the bulk to be spin-
independent, i.e. τσ = τ and τf σ = τf . With this assumption, we obtain the following



















where ν = ±1 denotes electron velocity along the positive/negative z axis respectively,
and χ = [eE(x)/m] [∂f0 (v)/∂vx]. Eq. (2.8) can be solved analytically, yielding general
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solutions for g of the form:









where ci,1 = exp [−(3ri + 1)z/(λi cosβ)], and ci,2 = exp [−(ri + 1)z/(λi cosβ)]. In Eq.
(2.9), i denotes the index for layer Li, ri is the ratio between SF and non-SF scattering
relaxation times (τi,f/τi), λi is the mean free path (MFP), i.e. λi = vF,iτi (where vF,i is
the Fermi velocity in layer Li), and β is the angle between the velocity and the normal to
the multilayer (z-axis). Fi,ν and Gi,ν are the sixteen unknown parameters corresponding
to the four layers. By considering the reflection of electrons at the top (Eq. (2.10)) and
bottom surfaces (Eq. (2.11)), and the reflection and transmission processes across the
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In Eqs. (2.10) to (2.13), pσ1 and p
σ
4 are the Fuchs specularity factors at the top and
bottom surfaces, qσi± is the interfacial SF parameter which denotes the probability of
SF experienced by the electrons moving in the ±z direction at the interface between
layers Li and Li±1, and T σ and Rσ are the transmission and reflection coefficients at
the interfaces.








where θ is the angle between the magnetization directions of the two FM layers (as
shown in Fig. 2.1).
We substitute the general solutions for g in Eq. (2.9) into the above boundary re-
lations and obtain sixteen linear equations in terms of Fi,ν and Gi,ν . By solving this
equation array, the sixteen Fi,ν and Gi,ν can be determined, yielding the distribution
function g.
The total current is then obtained by integrating over the thickness of the trilayer
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where ρ|θ=0 (ρ|θ=pi) is the resistivity of the trilayer in the parallel (anti-parallel) case.
2.3 Spin-flip and spin diffusive effects on GMR
Based on the above results, we investigate the effects of spin relaxation and spin asym-
metry of scattering at the interfaces. We adopt several simplifying assumptions: i) the
specular reflection Rσ at the Fe-Cr interface is sufficiently small and is neglected; ii)
the scattering at the top/bottom surfaces are non-specular, i.e. p1σ = p4σ = 0; and
iii) the SF parameter is independent of spin orientation, i.e. qσi± = q. Two additional
parameters Dσ and Ns are introduced, where Dσ = 1 − T σ and Ns = D↑/D↓. Dσ is a
measure of diffusive scattering at the interface, and is related to the roughness of the
interface, while Ns describes the spin asymmetry of the diffusive scattering. We also
assume a symmetric SV structure where the two Fe layers have identical thicknesses.
With the above assumptions, we focus on the GMR dependence on four key parameters:
Dσ, Ns, r and q, which are all related to the spin-depolarization processes in the SV
device.
We first consider the effect of the MFP (λFe) in the FM layer on the GMR, in the
presence of SF scattering in the bulk and at the interface [the numerical results are
shown in Figs. 2.2(a) and (b)]. According to their definitions, the values of r and q lie
within a range between 0 and 1. To illustrate the effects of r and q, we consider a range
of 0 to 0.3 for both parameters, which is comparable to the degree of interfacial diffusive
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Figure 2.2: GMR as a function of the mean free path (MFP) of electrons in the Fe
layer for varying (a) q values and (b) r values, where Ns = 6, D↑ = 0.5. The thickness
of the Fe (Cr) layers is fixed at dFe = 10 nm (dCr = 1 nm).
scattering observed experimentally [56]. We also assume the following parameter values:
Ns = 6, D↑ = 0.5 and λFe = 100 nm, in accordance with previous experimental and
theoretical studies [45, 53, 57]. In the absence of SF, i.e. r = q = 0, GMR shows a
monotonic increase with λFe, a trend which is consistent with the earlier model [45]. In
the presence of SF scattering in the bulk and at the interfaces (i.e. finite r and q), GMR
is suppressed for all values of λFe, as expected. The degree of GMR suppression increases
with increasing r and q, however, the degree of GMR suppression is more pronounced
for interfacial SF scattering (q). As observed from Fig. 2.2(b), GMR is reduced by
≈ 1% when r is increased from 0.1 to 0.3. However in Fig. 2.2(a), a similar increase in
q causes the GMR to decrease by almost 3%. The great influence of interfacial SF on
the GMR is consistent with the large reduction in GMR, observed experimentally when
a spin-depolarizing Au-Fe interface is inserted into a CIP multilayer stack [53].
The combined effect of both bulk and interfacial SF scattering on GMR is shown
in Fig.2.3. The GMR is sharply reduced when both types of SFs are present. It is
also evident that interfacial SFs play a more important role here, compared with those
occurring in the bulk. For instance, GMR value becomes negligible (i.e. < 0.01%) when
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Figure 2.3: GMR as a function of r and q values. The electron’s MFP in the FM layer
λFe is set at 100 nm, while the other parameters take the same values as in Fig. 2.2.
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Figure 2.4: (a) / (b) GMR as a function of the thickness (dFe) / MFP (λFe) of FM
layer , for different Ns and D↑ values. The top (bottom) three curves in both (a) and (b)
correspond to the case without (with) SF scattering, i.e., r = q = 0 (r = 0.3, q = 0.2).
In (a), λFe = 100 nm, while in (b) dFe =10 nm, the thickness of the nonmagnetic (NM)
layer (Cr is 1 nm.
the interfacial SF probability q reaches 0.5. By contrast, there is still an appreciable
GMR at the largest value of r of 1, when interfacial SF is absent.
Finally, we investigate the effect of spin-asymmetric diffusive scattering at the inter-
faces (which are characterized by parameters Ns and D↑), with or without interfacial
SFs, and for varying FM layer MFP (λFe)or for varying FM layer thickness (dFe), in
Figs. 2.4 (a) and (b), respectively. We assume D↑ to be in the range of 0.4 to 0.6,
which is consistent with experimental data [56]. Firstly, we found that GMR decreases
monotonically with increasing FM layer thickness dFe, irrespective of the extent of in-
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terfacial diffusive scattering (see Fig. 2.4(b)). This may be explained by the greater
shunting effect of the FM layer and the reduced interfacial contribution to total scatter-
ing. Secondly, in both Figs. 2.4 (a) and (b), we found that a large D↑ or Ns actually
leads to a significant improvement in the GMR. This may be attributed to the high spin
asymmetry of the diffusive scattering process, which breaks the translational symmetry
parallel to the multilayer, resulting in a finite contribution to the overall GMR [46].
However, in the appearance of combined SF and interfacial diffusive scattering, it is the
former which predominates. As shown in Fig. 2.4, the improvement in GMR due to an
increase in D↑ is more than offset by the suppression of GMR in the presence of finite
r and q. It is interesting to note that in reality, an increase in interfacial roughness will
generally result in a greater loss of coherence (larger D↑) and a larger SF probability
at the interface (larger q). However, these effects result in the opposing influence on
GMR, i.e., an increasing D↑ (q) will result in an increasing (decreasing) GMR. Thus, the
overall GMR dependence on the interfacial roughness will be determined by the relative
strengths of the two effects.
2.4 Conclusion
In conclusion, in this chapter, we considered a spin dependent transport model of a CIP
SV structure. In the model, the effects of SF both in the bulk and at the interfaces
are incorporated in the same SDT model for the first time. The model is based on the
spin coupled Boltzmann transport equations, where the momentum and spin relaxation
arising from SF and non-SF scattering are considered. In the boundary conditions, we
include the parameter q which denotes the interfacial SF probability, while bulk spin
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depolarization is characterized by the ratio r of SF to non-SF scattering times.
Our model predicts that the suppressing of the SF events at the interface are more ef-
ficient in enhancing the GMR effect than those occurring in the bulk, i.e., in the presence
of even moderate level of SF scattering (especially at the interfaces), our calculations
show a substantial reduction of GMR. We also studied the combined effect of interfacial
diffusive scattering (described by parameters Ns and D↑) and SF scattering (denoted by
r and q). We found that although diffusive scattering generally results in an improve-
ment in GMR, this is more than offset by the GMR suppression effect arising from SF
scattering. The numerical results from our model are consistent with the experimentally
observed reduction in the GMR due to the insertion of a spin depolarizing layer [53].
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CHAPTER 3
Coherent spin dependent transport in QD-DTJ Systems
3.1 Introduction
In the previous chapter, we studied the spin dependent transport through a pseudo
CIP SV. As the dimension of devices go to nano-scale, the spin-dependent transport
(SDT) and spin effects in the mesoscopic tunneling regime have attracted more and
more interests and are shown to have potential applications in spintronic devices. In
this chapter, we consider a nano-scale spintronic device consisting of a quantum dot with
a double barrier tunnel junction (QD-DTJ). The DTJ couples the QD to two adjacent
leads, in which the two leads can be ferromagnetic (FM) or non-magnetic (NM).
In this device, there exists the combined effect of single electron tunneling via the
discrete energy level in the dot, and the spin-dependent tunneling of electrons across the
tunnel barriers. The interplay between the two effects give rise to various transport phe-
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nomena of fundamental interest, such as spin blockade [58], Coulomb blockade (CB) [44],
cotunneling [44,59], tunnel magnetoresistance (TMR) [34], spin transfer torque [60] and
Kondo effect [61–64]. Due to its complex spin and charge transport properties, QD-
DTJ systems have attracted extensive theoretical [33, 34, 38, 60, 61, 65–80] and experi-
mental [36, 62, 81, 82] investigations recently. These studies may ultimately lead to the
utilization of such devices in diverse applications such as single spin detector [83], and
STM microscopy [84].
Thus far, the modeling of the SDT in the QD-DTJ device are mainly based on two
approaches, namely the master equation (ME) approach and the Keldysh nonequilibrium
Green’s function (NEGF) approach. For coherent transport across the QD-DTJ device,
quantum transport methods are applied, such as the linear response (Kubo) method
[69] applicable for small bias voltage, and its generalization, the NEGF method, for
arbitrary bias voltage. Since the objective of our study is for device application over a
wide voltage range, we focus on the latter. The NEGF method has been employed to
analyze various transport properties of QD-DTJ such as TMR, tunneling current [59]
and conductance. These analyses were done based on the Anderson model [61, 70], for
collinear or noncollinear [33, 59, 60] configurations of the magnetization of the two FM
leads, and in the presence of spin-flip scattering in the QD [75,78,85].
Based on the NEGF approach, we study the SDT through three QD-DTJ systems.
In Section. 3.2, the electronic SDT through a single energy-level QD-DTJ is theoretically
studied, incorporating the effect of the spin-flip (SF) within the dot and the SF during
tunneling the junction between the QD and each lead. Here, the two leads coupled to
the QD are assumed to be FM, which makes the electron transport spin-dependent.
Firstly, we investigated the effects of both types of SF on the tunneling current and
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TMR. Secondly, we consider possible asymmetries between the coupling strengths of the
two tunnel junctions. We analyzed the effect of such asymmetry on the QD’s electron
occupancies and the charge and spin currents through the system [86].
In Section. 3.3, we studied the SDT through a QD-DTJ with finite Zeeman splitting
(ZS) in the QD. In this system, the two leads which sandwich the dot are assumed to
be NM. The spin-dependence of the electron transport arises form the ZS induced by
the FM gate above the QD. We found that the ZS induces a fully polarized tunneling
current for this QD-DTJ system. We analyzed the electron occupancies of the QD and
the charge and spin currents for the QD-DTJ systems with or without ZS, as a function
of the bias voltage between the two leads. At the end of the section, we proposed a way
to switch the polarization of the spin current.
In the last section of this chapter, we studied the SDT through the diluted magnetic
semiconductor quantum dot (DMSQD) sandwiched between two adjacent FM leads. The
magnetization of the DMSQD is of an arbitrary angle off the two leads’ magnetization
which are parallel to each other. The noncollinearity dependence of the tunneling current
and TMR of the DMSQD system are then investigated, based on the SDT model we
established via NEGF and master equation.
3.2 Single energy level QD
3.2.1 Introduction
In this section, we analyzed the SDT through the nano-scale QD-DTJ device (shown in
Fig. 3.1), which consists of two FM leads and a central QD. We assume a single energy
level in the QD. We theoretically studied the transport properties of the QD-DTJ device,
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such as the spectral functions, the tunneling current and the TMR.
To study these transport properties, we modeled the SDT through the QD-DTJ
device, based on the Keldysh NEGF approach. In the transport model, we assume
the limit of small correlation energy, i.e., in the case where the energy due to electron-
electron interaction in the QD is much smaller than the thermal energy or the separation
between discrete energy levels in the QD [87]. Firstly, the SDT model systematically
incorporates both the SF-QD events [75, 78, 88] and the SF-TJ [67, 85]. The SF-QD
or SF-TJ might be caused by the magnetic impurities in the QD or embedded in the
tunnel junctions. Secondly, in the SDT model, we include the coupling asymmetry
(CA) between the two tunnel junctions. This coupling asymmetry is parameterized by
β, β = tRkσ,σ/tLkσ,σ, where tRkσ,σ (tLkσ,σ) denotes the coupling strength between the
right (left) FM lead and the QD for electrons with spin σ.
Based on the Hamiltonian with the two types of SF events and the CA, the retarded
Green’s function of the QD is analytically derived via the equation of motion (EOM)
method. Both SF events (SF-QD and SF-TJ), lead to a modified self-energy term in the
retarded Green’ function, and generate the off-diagonal elements in the (2×2) retarded
Green’s function matrix, i.e., G↑,↓ and G↓,↑. This matrix is used to obtain the spectral
function and tunneling current, with the formula for the latter being derived based
on Dyson’s equation. In the expression for current, the SF-TJ contributes to the off-
diagonal elements of the (2×2) coupling matrix Γ between the lead and dot, whilst the
CA between the two junctions effectively change the single energy level in the QD.
The spectral functions and tunneling current are evaluated for both parallel and
antiparallel configurations of the leads’ magnetization. It was found that the presence
of SF-TJ enhances the spectral resonance at the QD’s energy level, thus increasing
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Coupling Asymmetry     
β= t
Rkσ,σ /tLkσ,σ
Figure 3.1: (a) Schematic diagram of the mesoscopic structure consisting of a QD
sandwiched by two FM leads; (b) the schematic energy diagram for the QD-DTJ system
in (a). In (a), the arrows in the leads indicate their magnetization directions, which can
either be in parallel (solid) or antiparallel (dashed) alignment, Vb is the bias voltage
between the two leads, λ characterizes the strength of the spin-flip in QD (SF-QD)
from up-spin to down-spin, tLk↑,↓ characterize the spin-flip strength during tunneling
the junction (SF-TJ) between the up-spin state in the left lead and the down-spin state
in the QD, tLk↑,↑ is the normal tunnel coupling strength between the lead and QD in
the absence of spin-flip, and β = tRkσ,σ/tLkσ,σ denotes the coupling asymmetry between
the two tunneling junctions. In (b), µL and µR are the chemical potential of the left and
right leads, respectively, and ²d (²d0) is the single energy level of the QD in the presence
(absence) of an applied bias voltage.
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the tunneling current for both alignments (parallel or antiparallel) of the FM leads.
The relatively greater increase in the parallel tunneling current leads to a significant
enhancement of the TMR, when the QD-DTJ device is operated under the bias voltage
(Vb) beyond the threshold voltage (Vth). On the other hand, the SF-QD gives rise to an
additional resonance in the spectral functions. The additional resonance translates into
an extra step in both the I − V characteristic and the TMR of the QD-DTJ device. It
is also observed that due to this SF-QD, the tunneling current in both magnetization
alignments is suppressed, which also leads to the enhancement of the TMR. Thus, the
two types of SF have competing effect on the tunneling current, but act in an additive
manner to enhance the overall TMR.
Additionally, with finite CA in the QD-DTJ device, it is found that i) the threshold
voltages for charge current and spin current I−V characteristics are different for positive
and negative applied bias; ii) the direction of current flow also modifies the electron
occupancy within the QD.
3.2.2 Theory
Firstly, we present the general Hamiltonian of a QD-DTJ system before we move to
the specific QD-DTJ system shown in Fig. 3.1. Subsequently, we apply the Keldysh
NEGF formalism to obtain the spin-polarized current. In the final form of the tunneling
current, the expression involves the retarded Green’s functions (GFs) of the QD. These
retarded GFs are solved via the equation of motion (EOM) technique. Both the SF-QD
events and the SF-TJ are systematically incorporated in the modeling process.
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3.2.2.1 Hamiltonian
The Hamiltonian of a general QD-DTJ system can be expressed as:
























The full Hamiltonian in Eq. (3.1) consists of the lead Hamiltonian Hν , the dot
Hamiltonian Hd, and the tunneling Hamiltonian Ht. Here, ²ν and ²d represent the
energy levels in the leads and the QD, respectively. The above formalism is general and
applies to both the spatial and momentum basis. In the momentum basis, ν = {α, k, σ}
(α = {L,R} for the left, right lead, σ = {↑, ↓} stands for spin, and k is the momentum),
and d = {m,σ} (m = 1, 2, ..., n is the energy level in the QD, and d¯ = mσ¯). In the
spatial basis, ν = {α, j, σ} ( j is the spatial point index in the lead), and d = {j, σ}
(j = 1, 2, ..., n is the spatial point index in the QD). The operators a†ν (aν) and a
†
d
(ad) are the creation (annihilation) operators for the electrons in the leads and the QD,
respectively, while tν,d and its complex conjugate are the tunneling coupling strengths
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between the electron states in the QD and those in the leads. ²dd′ is the coupling energy
between the dot’s electron states d and d′.
For the QD-DTJ device shown in Fig. 3.1, we adopt the momentum basis, so that
the Hamiltonian is explicitly given by















































where “F” (“NF”) stands for spin-flip (non-spin-flip) tunneling, ²σσ is the single energy
level in the quantum dot, ²σσ¯ denotes the coupling energy of the spin-flip within quantum
dot (SF-QD) from spin-σ to spin-σ¯ state, and tαkσ,σ (tαkσ,σ¯) is the coupling strength for
the same (opposite) spin states in the lead and the dot.
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3.2.2.2 Tunneling current and tunnel magnetoresistance
Next, we derive the expression of the tunneling current flowing through the QD-DTJ
device [described by the Hamiltonian given in Eqs. (3.5)-(3.8)], by relating the tunneling
current to the various Green’s functions of the QD. [38,89] The total steady state current,










Without loss of generality, we can calculate the tunneling current in Eq. (3.9) by con-
sidering the tunneling between the left lead to the QD, IL. Evaluating the commutator
in Eq. (3.9) in terms of creation and annihilation operators gives us









where ν = {L, σ} refers to electron states in the left lead.
The creation and annihilation operators in Eq. (3.10) can be expressed in terms of
the lesser Green’s functions, which are defined as G<d,ν(t) = −i〈a†νad(t)〉 and G<ν,d(t) =
−i〈a†daν(t)〉. [38] After performing a Fourier transform on Eq. (3.10), we consider the
EOM of G<ν,d(²) under the assumption of non-interacting leads. Taking into account the
contour-ordered integration over the time loop, the corresponding Dyson’s equations can















d′,d(²) − gtν,ν′(²)G<d′d(²)], where Gt and Gt are the time-
ordered and anti-time-ordered Green’s functions respectively, G<d′,d(t) = −i〈a†dad′(t)〉,
and the g’s are the corresponding unperturbed Green’s functions of the leads. With
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this, the current in Eq. (3.10) can be expressed in terms of the Green’s functions wholly




















The above result is general and applies to any chosen basis states. In the spatial basis,
the gν,ν′ are the unperturbed Green’s functions relating the spatial points ν and ν ′; in the
momentum basis, the gν,ν′ are the unperturbed Green’s functions relating wavevector
states ν and ν ′. In the momentum basis where electron and electron interaction is
neglected, gν,ν′ is diagonal, i.e., gν,ν′ = 0 if ν ′ 6= ν.
Choosing the momentum representation (see the Hamiltonian in Eqs. (3.5)-(3.8)),
the unperturbed Green’s functions which were introduced in Dyson’s equations, i.e., the
gν,ν′ in Eq. (3.11), can be expressed in terms of the Fermi-Dirac functions fν(²) = (1 +
exp( ²−²νkBT ))
−1, i.e., g<ν,ν = 2piifν(²)δ(²− ²ν) and g>ν,ν(²) = −2pii(1− fν(²))δ(²− ²ν), where
µν is the chemical potential, ²ν is the energy for electron with spin σ and momentum k
in the lead α, kB is the Boltzmann constant and T is the temperature of the device. By
using the identities Gt+Gt = G<+G> and G>−G< = Gr −Ga, Eq. (3.11) we obtain






tLkσ,σ′ |²=²ν t∗Lkσ,σ′′ |²=²ν{fν(²)[Grσ′,σ′′(²)−Gaσ′,σ′′(²)] +G<σ′,σ′′(²)}.
(3.12)
We now introduce the density of states for the electrons in the FM leads, i.e., ρασ(²).
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For the electrons in the left FM lead, the density of states is ρLσ(²) =[1 + (−1)σ pL] ρL0(²),
while for the electrons in the right FM lead, it is ρRσ(²)=
[
1 + (−1)a+σ pR
]
ρR0(²), where
σ = {0, 1} for spin-up/down electrons, a = {0, 1} for parallel/antiparallel alignment of
the two FM leads’ magnetization, ρα0 = (ρα↑ + ρα↓) /2, and pα is the polarization of
















fν(²)Γν [Gr(²)−Ga(²)] + ΓνG<(²)
}
, (3.13)























In Eq.(3.14), tLσ,σ(tLσ,σ¯) stands for the spin-σ electron tunneling to the spin-σ (σ¯)
state with (without) spin-flip. In the low-bias approximation, ΓLσ(²)=2piρLσ(²)|t∗Lσ,σ′(²)
tLσ,σ′′(²)| is taken to be constant (zero) within (beyond) the energy range close to the
lead’s electrochemical potential where most of the transport occurs, i.e., ² ∈ [µα −
D,µα+D], where D is some constant. [44] Based on the kinetic equation, [38] the lesser







ΓRσfRσ(²)], where Grσ′,σ′′(t) = −iθ(t)〈{aσ′ ,† aσ′′(t)}〉 and Gaσ′,σ′′(²) = Gr∗σ′,σ′(²).
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Using the fact that the current from the left lead to the dot is equal to the current
from the dot to the right lead, one may express the current in a symmetric form, i.e.,







d² [fLσ(²)− fRσ(²)] tr{GaΓRσGrΓLσ}. (3.16)





where IP (IAP ) is the tunneling current in parallel (antiparallel) configuration of the two
leads’ magnetization. The expression for the tunneling current in Eq. (3.16) requires
the explicit expression for the retarded Green’s functions Grσσ′(²) of the quantum dot.
This will be formally derived in the following section by means of the EOM method.
3.2.2.3 Retarded Green’s function
By definition, the general form of a retarded Green’s function is given by Grσ,σ′(t) =
−iθ(t)〈{aσ(t), a†σ′}〉. In the EOM method, the analytical expression for Grσ,σ′(t) is ob-
tained by first differentiating Grσ,σ′(t) with respect to time. This yields
i∂tG
r
σ,σ′(t) = δ(t− t′)δσσ′ − iθ(t− t′)〈{i∂taσ(t), a†σ′}〉
= δ(t− t′)δσσ′ − iθ(t− t′)〈{−[H, aσ], a†σ′}〉. (3.18)
Substituting the Hamiltonian of Eq. (3.5) into the above and taking the Fourier
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transform, we obtain a closed set of equations involving Grσ,σ′(²):





ν,σ − ²σ¯σGrσ¯,σ, (3.19)





ν,σ − ²σσ¯Grσ,σ, (3.20)





σ′,σ, where ν = {α, k, σ}, (3.21)





σ′,σ, where ν = {α, k, σ¯}. (3.22)
By simultaneously solving Eqs. (3.19) to (3.22), one obtains the following expressions
for the retarded Green’s functions (those in Eq. 3.15)for the QD:
Grσ,σ =
1








































²+iη−²ν , with σ, σ
′, σ′′ ∈ {↑, ↓}.
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3.2.3 Results and discussion
Based on the transport model established in Sec. 3.2.2, we firstly analyze the effects
of the SF-QD and SF-TJ events on the spectral functions, the tunneling current and
the TMR. Secondly, we show the effect of the coupling asymmetry (CA) on the charge
current, the spin current and the electron occupancies of the QD.
In our calculations, the following assumptions were made: i) proportional and spin
independent lead coupling strengths, i.e., tαk↑,↑=tαk↓,↓=tαkσ,σ=tα, and tR=βtL=t; ii)
lead and spin independent strength of the spin-flip during tunneling the junction between
the lead and the dot (SF-TJ), i.e., tαk↑,↓=tαk↓,↑=tαkσ,σ¯ =vα, and vR=βvL = v; and iii)
spin independent strength of SF-QD, i.e., ²↑↓=²↓↑=λ, iv) the chemical potential of the
leads are µL=0, µR = −eVb; and v) the energy level of the dot is spin independent, i.e.,
²σσ=²σ¯σ¯=²d= ²d0− eVb β
2
1+β2
, where ²d0 is the energy level without a bias voltage. Based
on assumptions i)-iii) and Eq. (3.24), one can readily deduce the spin symmetry of the




σ,σ¯. For simplicity, in the following
discussion, we use the form of Grσσ′ to replace the form of G
r
σ,σ′ for retarded Green’s
function.
3.2.3.1 Spin-flip effects





↓↓, based on Eqs. (3.23) and (3.24), and consider their respective spec-
tral functions: −2ImGr↑↑, −2ImGr↑↓, −2ImGr↓↑, and −2ImGr↓↓. These spectral functions
provide information about the nature of the allowed electronic states in the QD, regard-
less whether they are occupied or not, and can be considered as a generalized density of
states.
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Figure 3.2: Spectral functions for spin-up (solid line) and spin-down (dashed line)
retarded Green’s functions, as a function of electrons’ energy, in parallel and antiparallel
case. Other parameters are t=0.5 eV, υ=0, ²d0 = 0.3eV, ρ0 = 0.7(eV )−1, pL = pR =
0.7, λ = 0, β = 1, T = 0.3 K.
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Firstly, we consider a QD-DTJ system neglecting SF-QD or SF-TJ events, and thus
there is no mixing of the two spin tunneling channels. The two off-diagonal Green’s
functions, Grσσ¯(σ = {↑, ↓}) become zero [as can be confirmed by considering Eq. (3.24)],
so are their respective spectral functions. We thus consider only the spectral functions
corresponding to the diagonal components of the retarded GF matrix. They are plotted
as a function of energy for both parallel and antiparallel alignments of the two FM leads’
magnetization, in the absence and presence of applied bias Vb [see Figs. 3.2(a) to (d)].
All the plots show a broad peak corresponding to the QD’s energy level, ² = ²d; we
shall refer this peak as the “QD resonance”. When there is no coupling between the
QD and the leads, the QD resonance is a δ function; the broadening here of the QD
resonance is due to the finite coupling between the QD and the leads. The width of the
QD resonance reflects the strength of coupling to the leads; strong coupling between the
lead and QD leads to a larger energy spread and, hence, a wider peak. For a zero-biased
system [shown in Figs. 3.2 (a) and (b)], we note three distinct features of the spectral
functions: i) a second resonance peak, corresponding to the lead potential, µL = µR = 0
eV; we shall refer this peak as the “lead resonance”. ii) In the parallel configuration,
the lead resonance for the spin-up spectral function (−2ImGr↑↑) has a broader and lower
profile compared to that of the spin-down spectral function. This indicates that the
excitation at the lead energy has a larger energy spread for spin-up carriers due to the
stronger coupling to the lead. iii) In the antiparallel case, the spin-up and spin-down
spectral functions are exactly identical, due to the spin symmetry of the system. All of
the above features of the spectral functions are consistent with the results obtained in
Ref. [75]. Upon application of a bias voltage of Vb = 0.2 eV [shown in Figs. 3.2 (c) and
(d)], it is found that, i) the lead resonance splits into two peaks at the respective lead
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Figure 3.3: Spectral functions for the diagonal retarded Green’s functions, as a function
of electrons’ energy, with varied SF-TJ strength (υ) between leads and QD, in parallel
(left) and antiparallel (right) case, where λ = 0 eV, Vb=0.2 V. Other parameters are the
same with those in Fig. 3.2.
potentials of ² = µL = 0, and ² = µR = −eVb = −0.2 eV. ii) For parallel case, the lead
resonance of the spin-down spectral function is higher (lower) than that of the spin-up
spectral function at ² = 0 (² = −0.2 eV); the underlying reason is similar to that in the
unbiased situation, i.e., −2ImGr↑↑ has a lower and broader profile than −2ImGr↓↓ due to
the stronger coupling of the spin-up channel to the leads. iii) In the antiparallel case,
however, the magnitude of the two lead resonances is relatively similar for both spin-up
and down spectral functions, reflecting the greater spin symmetry of the system.
Next, we analyze QD-DTJ system in the presence of the SF-TJ events, i.e., v 6= 0.
In Figure 3.3, we investigate the effect of SF-TJ on the spectral function of the diagonal
GFs. It is found that both the dot resonance and the lead resonance at ² = 0 are
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Figure 3.4: Spectral function as a function of electrons’ energy, with varied SF-QD
strength (λ), in parallel (left) and antiparallel (right) case, where υ = 0 eV. Other
parameters are the same with those in Fig. 3.2.
enhanced; while the lead resonance at ² = −eVb is suppressed. Thus, increasing spin-flip
strength during tunneling results in an effective decrease in the coupling between the
lead and the QD. This, in turn, leads to a narrowing of the energy window for tunneling,
such that tunneling primarily proceeds in the vicinity of the QD’s energy level.
We now investigate the effects of the other type of SF events, i.e., SF-QD events,
on the spectral functions of the diagonal retarded GFs( Gr↑↑ and G
r
↓↓) of the QD-DTJ
system. Figure 3.4 shows the spectral functions for the diagonal GFs (for varying SF-
QD strength λ, in both the parallel and antiparallel configurations. The presence of
the SF-QD i) causes a symmetric split of the dot resonance at ²d = 0.2 eV, and ii)
suppresses the tunneling via the two lead resonances at µL and µR. The splitting of the
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Figure 3.5: (a),(b): Off-diagonal spectral functions as a function of energy, for vary-
ing SF-TJ strength (υ) between lead and dot, in the absence of SF-QD (i.e., λ = 0
eV).(c),(d):Off-diagonal Spectral functions as a function of electrons’ energy, with var-
ied SF-QD strength (λ), in parallel (left) and antiparallel (right) case, where υ=0 eV.
Other parameters are the same with those in Fig. 3.2.
dot resonance means that there is effectively two energy levels within the dot, through
which the tunneling transport occurs. This translates to an additional step in the I−V
characteristics, as will be discussed later in Fig. 3.7. By contrast in the Anderson-type
systems (Ref. [75]), the SF-QD λ has a strong influence on the excitations due to the
leads, and causes a split of the lead resonances, instead.
Figure 3.5 shows the spectral functions for the off-diagonal GF’s (Grσσ¯), for both
the parallel and antiparallel alignment, under varying SF-TJ strengths (ν) and SF-QD
strengths (λ). As shown in Figs. 3.5(a)-(d), in the absence of SF-TJ and the SF-
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Vb (V) Vb (V)
(b) (c)
ȣ = 0      eV 
ȣ = 0.01 eV 
ȣ = 0.02 eV 
ȣ = 0.03 eV 
Figure 3.6: Current as a function of bias voltage, with varying SF-TJ strength (υ)
between the lead and the dot, in parallel (a) and antiparallel (b) case. (c) Tunnel
magnetoresistance (TMR ) as a function of bias voltage. In plots (a)-(c), λ=0 eV, while
the other parameters are the same with those in Fig. 3.2.
QD effects, the off-diagonal spectral functions vanish (the solid lines), i.e., transport
proceeds independently in the two spin channels. In the presence of either the SF-TJ
(ν > 0) or the SF-QD (λ 6= 0), the magnitudes of the off-diagonal spectral functions
monotonically increase with ν and λ, indicating enhanced spin mixing of the tunneling
transport through the system.
In Figs. 3.6 and 3.7, we consider the tunneling current and the TMR of the system
in the presence of SF-TJ and/or the SF-QD events, respectively.
In Figs. 3.6(a)-(b), and Figs. 3.7 (a)-(b), the I − Vb characteristics (where Vb is
the source-drain bias) show a step at the threshold voltage Vth, required to overcome
the Coulomb blockade (CB) in the QD-DTJ system. The threshold voltage is given
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by Vth = 2²d0=0.6eV, assuming a symmetric potential drop across the left and right
tunnel junctions. Within the sub-threshold bias range (V < Vth), the CB suppression
of sequential tunneling is not complete and the current is still finite. This sub-threshold
current is due to thermally assisted tunneling at finite temperature, as well as the
broadening of the dot’s energy level due to its coupling with lead states. This gives
rise to an overlap between the QD level ²d with the lead states in the energy window
of −eVb < ² < 0, between the electrochemical potentials of the left and right leads.
The sub-threshold current is particularly large in the parallel configuration, due to the
stronger lead-dot coupling and hence a greater energy broadening of the QD’s level.
Overall, the parallel current exceeds the antiparallel current for the entire voltage range
considered, due to the nonzero spin polarization of the ferromagnetic lead (i.e. a larger
density of states for majority spins). At large bias voltage (i.e. Vb À Vth), the tunneling
current saturates. This is because our model assumes the QD levels to be well-separated
so that only one QD level participates in the tunneling transport.
In the presence of SF-TJ, i.e. with finite spin-flip coupling between the lead and
the dot (υ 6= 0) (as shown in Fig. 3.6), both the tunneling currents in the parallel and
antiparallel cases are found to be significantly enhanced for bias voltage exceeding the
threshold (Vb > Vth). The increase in current stems from the overall stronger coupling
between the lead and the dot with larger υ. Additionally, the degree of enhancement
of the tunneling current is greater for the parallel magnetization alignment of the FM
leads. For instance, when υ is increased from 0 to 0.03 eV, the current in the parallel
case is nearly trebled, whereas the current in the antiparallel case is only around twice
as large. This gives rise to an increase of the TMR ratio with υ for the voltage range
above the threshold [shown in Fig. 3.6(c)].
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Ȝ = 0      eV 
Ȝ = 0.01 eV 
Ȝ = 0.02 eV 
Ȝ = 0.03 eV 
Figure 3.7: (a,b): Current as a function of bias voltage, with varying SF-QD strength
(λ), in parallel and antiparallel case. (c) TMR as a function of bias voltage. In plots
(a)-(c), υ=0 eV, while the other parameters are the same with those in Fig. 3.2.
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  0              0
  0            0.01   
0.01           0
0.01         0.01 
0.01         0.02 
0.02         0.01 
0.02         0.02 (a)
(b) (c)
Figure 3.8: (a),(b): Current as a function of bias voltage in parallel case and antiparallel
case, and (c) TMR as a function of bias voltage, with varying SF-TJ strength (υ) and
varying SF-QD (λ). Other parameters are the same as those in Fig. 3.2.
In the presence of SF-QD events, two new features are observed in the I − Vb char-
acteristics of the QD-DTJ system, shown in Figs. 3.7 (a) and (b), for both the parallel
and antiparallel alignments. Firstly, the current step at the threshold bias Vth splits
into two, at Vb = Vth± λ, respectively. The presence of the additional step is consistent
with the split dot resonances observed in the vicinity of the QD’s energy ²d, as shown
in the spectral functions of Fig. 3.4, and is in accord with previous results reported for
the Anderson model [88]. Secondly, the presence of SF-QD leads to a decrease in the
current saturation value at large bias voltage (i.e., Vb À Vth + λ). The decrease is more
pronounced for the antiparallel case, thus leading to the increase of the TMR with the
increasing strength λ of the SF-QD [shown in Fig. 3.7(c)].
66
COHERENT SPIN DEPENDENT TRANSPORT IN QD-DTJ SYSTEMS
Finally, we analyze the transport in the QD-DTJ system in the presence of both
SF processes (Fig. 3.8). The two types of SF have competing effects on the tunneling
current for bias voltage exceeding the threshold, i.e. the SF-TJ (SF-QD) tends to
enhance (suppress) the tunneling current at bias voltage exceeding the threshold. The
overall I-Vb characteristics is shown in Figs. 3.8 (a)-(b), reflecting this competitive effect.
Evidently, the effect caused by one SF mechanism is mitigated by the other for both
parallel current and antiparallel alignments of the lead’s magnetization. However, both
SF mechanism contribute to the asymmetry of tunneling current between the parallel
and antiparallel cases. Thus, the combined presence of the two SF mechanisms is to
produce an additive effect on the TMR for voltage bias exceeding the threshold, as
shown in Fig. 3.8 (c). Hence, in such a situation it is possible to attain simultaneously
a high TMR and tunneling current density.
3.2.3.2 Coupling asymmetry effects
In a QD-DTJ system, the spin current is defined as the difference between the spin-up
and spin-down currents. Recent experimental studies [36,91] of such QD-DTJ structures
have shown that the SDT characteristics are strongly dependent on the asymmetry of the
coupling between the QD and FM leads. Such asymmetry is inherent in the sandwich
structure, given the exponential dependence of the coupling strength on the tunnel
barrier width.
We study the effect of the junction coupling asymmetry (CA) on the overall spin
and charge current characteristics of the QD-DTJ system, as shown in Fig. 3.1. Here,
the degree of the CA is characterized by the ratio denoted by β, which is defined as
β = tRkσ,σ/tLkσ,σ, where tRkσ,σ (tLkσ,σ) is the coupling strength between the right (left)
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FM lead and the QD for electrons with spin σ. We denote the spin-up (spin-down)
components of the tunneling current as I↑ (I↓), and the spin current is defined to be the
difference between the two components, Is = I↑ − I↓.
In the following, we focus on the parallel alignment of the magnetization of the
two leads of the QD-DTJ system, since the magnitude of the spin current is the great-
est in this case [60]. For simplicity, we assume β to be spin-independent, i.e, β =
tRk↑,↑/tLk↑,↑ = tRk↓,↓/tLk↓,↓ = tRkσ,σ/tLkσ,σ. Using the definition of Γασ =2piρασ|t∗αkσ,σ
tαkσ,σ| (as defined in Sec. 3.2.2) and Γασ =[1 + (−1)σpα] 2piρα0|t∗αkσ,σ tαkσ,σ|=[1 + (−1)σpα] Γα0,
and assuming that the intrinsic electron density of states and the polarization of the two





The occupancy in the QD is given by
〈nσ〉 = 12pi Im
∫
d²G<σ,σ(²), (3.25)





where Grσ,σ(²) is the retarded Green’s function of the QD, given in Eq. (3.23), and the
advanced Green’s function Gaσ,σ′(²) = G
r∗
σ,σ′(²).
Firstly, the I-V characteristics for the charge current (Fig. 3.9a) and spin current
(Fig. 3.9b) are calculated for two different CA values. These were chosen so that
β1 = 1/β2, meaning that the left (right) junction in β1 system is the right (left) junction
for β2 system. We find that when the coupling strength of the right junction is twice as
strong as that of the left junction, i.e., β = 2, both the charge and spin currents are the
same as those for the reverse case (β = 0.5). This is because the total resistance of the
QD-DTJ system is maintained. However, the threshold voltage Vth clearly varies with β.
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Figure 3.9: (a) Charge current I as a function of bias voltage Vb and (b) spin current
(Is) as a function of bias voltage Vb, with two different coupling asymmetry β, in the
parallel alignment of the leads’ magnetization. The coupling asymmetry is denoted by
β =tRkσ,σ /tLkσ,σ=
√
ΓRσ/ΓLσ, where ΓLσ = (1±pL)ΓL0 and ΓRσ = (1±pR)ΓR0. Other
parameters are ΓL0 = 0.012 eV and ΓR0 = ΓL0 × β12 for β1 case, ΓL0 = 0.006 eV and
ΓR0 = ΓL0 × β12 for β2 case, ²d0 = 0.3eV, pL = pR = 0.7, T = 100 K, υ=0 eV, λ=0 eV.











ȕ1 =2 ȕ2 =0.5 
Figure 3.10: The occupancy of the quantum dot as a function of bias voltage, with two
different coupling asymmetry β, in the parallel alignment of the leads magnetization.
Other parameters are the same with those Fig. 3.9.
This is due to the different effective energy level of the QD under positive and negative
bias voltage, i.e., Vth = 2²d, where ²d = ²d0 − β
2
1+β2
eVb. The CA effect on the charge
current here is also consistent with the experimental results obtained by K. Hamaya et
al. for an asymmetric Co/InAs/Co QD-DTJ system under zero gate voltage Vg(Fig.
2(a) of Ref. [36]).
Next, we consider the effect of CA on the different QD occupancies, which are
obtained by integrating the spectral function in Eq. (3.37). The QD occupancies are
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calculated and plotted for both spin-up and spin-down electrons, as shown in Fig. 3.10.
The curves for spin-up and spin-down actually coincide since the QD-DTJ system is
operated with parallel alignment of the leads’ magnetization. Interestingly, as β is
increased from 0.5 to 2, the QD occupancy decreases for both spin orientations. This
trend is reasonable if we consider the fact that as ΓL is decreased with respect to ΓR,
the coupling which allows the electron to tunnel to the QD from the source is reduced,
while the coupling which allows the electron to tunnel out of the QD to the drain is
enhanced. Thus, the electron tends to have a higher occupancy in the QD for β < 1
case, where ΓL > ΓR.
3.2.4 Summary
In summary, we modeled the SDT through a QD-DTJ system (shown in Fig. 3.1),
where the QD is coupled to two FM leads. In the model (described in Sec.3.2.2),
we assume well-separated QD levels such that only a single level participates in the
tunneling transport, and neglect the correlation energy. We focus on the effects of the
SF-TJ events, the SF-QD events, and the CA between the two tunnel junctions on the
SDT of the system. The tunneling current is evaluated based on the Keldysh Green’s
function formalism. Following established model, we apply Dyson’s equation in order
to express the current in terms of i) the coupling parameters between the leads and
dot, taking into consideration the spin asymmetry of the FM leads, and ii) the Green’s
functions of the QD, the latter being evaluated analytically via the EOM method.
In Section. 3.2.3.1, firstly, the effects of both types of SF mechanism (SF-TJ and SF-
QD) on the spectral functions were investigated, for both the parallel and antiparallel
configurations of the leads’ magnetization. Both SF effects result in spin mixing and
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hence contribute to the off-diagonal spectral functions (∝ 2ImGrσ,σ¯). Additionally, the
SF-TJ sharpens the resonances of the diagonal spectral function at the vicinity of the
dot’s energy level ²d, indicating an effective lowering of the lead-dot coupling. On the
other hand, the presence of the SF-QD events causes a split in the spectral resonance at
²d, which represents an effective splitting of the QD’s energy level. Secondly, turning to
the I-V characteristics, we found the presence of SF-TJ enhances the tunneling current
for both the parallel and antiparallel cases; while the presence of the SF-QD results
in an additional current step near the voltage threshold Vth, and a suppression of the
tunneling current for both magnetization alignments. The overall TMR is shown to
be enhanced by both types of SF events. Due to the competing effects of the two SF
mechanisms on the tunneling current, it may be possible to engineer one type of SF
and utilize it to offset the effect of the other. Finally, our analysis has shown a high
TMR can be attained even for bias voltage exceeding the threshold, due to the additive
influence of both SF processes on the TMR. Thus, it is possible to have simultaneously
a high tunneling current and TMR. By contrast, in the absence of SF effects, the high
TMR ratio is usually confined to the subthreshold bias region, where the current is
exponentially suppressed.
In Section. 3.2.3.2, we analyzed the effect of the CA on the charge current and
spin current through the QD-DTJ system, based on the SDT model established in
Sec.3.2.2. The calculated results show that the I-V characteristics for the charge and
spin currents depend on the current direction and the CA, and both features are in
agreement with observed experimental results [36]. The CA also leads to a change in
the steady state occupancy of the QD. Our analysis may provide a theoretical basis for
tuning the coupling strength of a QD to the adjoining leads as a means of modulating
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the charge and spin transport properties of a QD-DTJ system, as well as controlling the
occupancy of the discrete energy levels within the QD.
3.3 QD with Zeeman splitting
3.3.1 Introduction
In the last section, we studied the SDT in the QD-DTJ system, considering the spin-
flip tunneling between the lead and the dot, the intra-dot spin-flip and the coupling
asymmetry effect. In this section, we analyze the QD-DTJ system, where the two leads
sandwiching the QD are non-magnetic (NM), and a FM gate is applied above the QD.
We expect a fully polarized current tunneling through this QD-DTJ system. In spin-
tronic applications, a fully spin-polarized current is important for detecting or generating
single spin states [92,93], and thus is of great importance in the realization of quantum
computing. Much research effort is made, to theoretically or experimentally conceptu-
alize and realize the QD-DTJ system in quantum computing application [83,94–99].
In Ref. [100], a fully polarized current is theoretically predicted via the Zeeman
splitting (ZS) in a QD system, where a QD is coupled to two NM electrodes and a gate.
This system is reminiscent of the single electron tunneling transistor (SETT) [101–103],
and is referred as a SETT type QD-DTJ system. The SDT through a SETT type
QD-DTJ system is usually modeled using the master equation method [94, 100] or the
Keldysh non-equilibrium Green’s function (NEGF) formalism [38]. We adopt the latter
approach, which is suitable for coherent transport through SETT type QD-DTJ systems,
and systematically accounts for many-body effects. Our calculations yield the I − Vb
characteristics for the SETT, which have not been obtained previously.
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d↓= εd − gμBB/2
Zeeman Split
Vg
Figure 3.11: (a) Schematic diagram of the single electron tunneling transistor (SETT)
set up, which is consist of two nonmagnetic electrodes, one quantum dot and one ferro-
magnetic gate. (b) schematic energy diagram of the SETT in (a), where Vb is the bias
voltage between the two electrodes, ²d↓ = ²d−gµBB/2 (²d↑ = ²d+gµBB/2) is the energy
level for spin-down(up) electrons, respectively, gµBB is the Zeeman splitting between
²d↓ and ²d↑, g is the electron spin g-factor, µB is the Bohr magneton, B is the applied
magnetic field generated by the FM gate, and ²d = ²d0 − eVbβ2/(1 + β2) is the single
energy level of the dot under consideration when there is no applied magnetic field,
with ²d0 being the single energy level under zero bias voltage and β being the coupling
asymmetry between the two tunnel junctions. We assume a symmetrical SETT here,
where β = 1.
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3.3.2 Theory
We consider a SETT-like QD-DTJ system with a FM gate, as shown in Fig. 3.11. We
assume the magnetic field generated by the FM gate is spatially localized such that
it gives rise to a ZS of the discrete QD energy levels, but negligible ZS in the energy
levels of the NM electrodes. This QD-DTJ system is able to generate a fully polarized
spin current when the bias voltage Vb between the two NM electrodes, and the size of
the ZS in the QD are appropriately tuned. The polarization of the current depends
on the magnetization direction of the FM gate. The ZS causes the lowest unoccupied
energy level of the QD ²d to split into two, i.e., ²d↑ for up-spin electrons and ²d↓ for
down-spin electrons, where ²d↑ > ²d↓. Here, the down (up)-spin electrons have spins
which are aligned parallel (antiparallel) to the magnetization direction of the FM gate.
As suggested by Fig. 3.11, by manipulating the ZS with respect to the transmission
window µL < ²σ < µR, one can induce a current of only a single spin-σ direction to
flow across, thus achieving a pure spin-σ polarized tunneling current across the QD-DTJ
device.
The Hamiltonian of the QD-DTJ system shown in Fig. 3.11 is given in form of





























where ν = {α, k, σ}, α = {L,R} is the lead index for the left and right leads, k is the
momentum, σ = {↑, ↓} is the spin-up and spin-down index, a† and a are the electron
creation and annihilation operators, ²dσ is the energy level in the QD for electrons with
spin-σ, U is the additional Coulomb blockade energy when the QD is doubly occupied by
two electrons with opposite spins, and tαkσ,dσ is the coupling strength between electron
states with spin-σ in the lead α and the QD. In our model, we consider only the lowest
unoccupied energy level of the QD ²dσ since most of the overall transport occurs via
that level. In the presence of an applied magnetic field B, the lowest unoccupied energy
level is given by ²dσ = ²d +
(−1)σ
2 gµBB, where σ = 0 (σ = 1) for up-spin (down-spin)
electrons, g is the electron spin g-factor, and µB is the Bohr magneton, i.e. gµBB
being the Zeeman splitting between the two spin states ²d↓ and ²d↑. Under an applied
bias Vb between the leads and in the absence of B-field, the QD’s energy level is given
by ²d = ²d0 − eVbβ2/(1 + β2), where ²d0 is the energy level at zero bias voltage, and
β = tRkσ,dσ/tLkσ,dσ denotes the asymmetry in the coupling strength of the lead and dot
states across the left and right tunnel junctions. In this work, we assume a symmetric
QD-DTJ system, in which β = 1.
Based on the Hamiltonian, the spin and charge currents are obtained using the
Keldysh nonequilibrium Green’s function (NEGF) formalism, which was introduced in
Section. 3.2.2. The current of spin-σ electron tunneling through the SETT type QD-
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d² [fLσ(²)− fRσ(²)]Gaσ,σΓRσGrσ,σΓLσ, (3.30)





∗, Grσ,σ(t) = −iθ(t)〈{adσ(t), a†dσ}〉
and Grσ,σ(²) is given by
Grσ,σ (²) =
1− ndσ¯
²+ iη − ²dσ − Σ(²) +
ndσ¯
²+ iη − ²dσ¯ − Σ(²) (3.31)






²+iη−²αkσ , with σ ∈ {↑, ↓}. The coupling
coefficients tαkσ,σ and t∗αkσ,σ are spin-independent since the two leads are NM. During the
























































Based on Eqs. (3.30) and (3.31), one can then calculate I↑ and I↓, and hence the charge
and spin current, which are defined as Ic = I↓ + I↑ and Is = I↓ − I↑, respectively.
During the course of our analysis, we would be interested in the state of the QD,
which is characterized by its occupancy. The QD’s occupancy with electrons of spin-σ
can be obtained by considering the lesser Green’s function, i.e.,
〈nσ〉 = 12pi Im
∫
d²G<σ,σ(²). (3.37)





ΓRσfRσ(²)]. Here, Grσ,σ(²) is the retarded Green’s function of the quantum dot, which
is given by Eq. (3.31), while the advanced Green’s function Gaσ,σ(²) = G
r∗
σ,σ(²). Γασ
(where α = {L,R}) is the aforementioned coupling strength of Eq. (3.30), and fασ =(
1 + exp( ²−µασkBT )
)−1
is the Fermi-Dirac function of lead α, with µασ being the chemical
potential of that lead. When a bias voltage of Vb is between the two leads, the leads’
electrochemical potentials are, respectively, given by µLσ = 0 and µRσ = −eVb.
3.3.3 Results and discussion
3.3.3.1 Fully polarized current
We analyzed the SDT properties for the SETT type QD-DTJ system. Firstly, we cal-
culate the electron occupancy in the QD (shown in Fig. 3.12 (a)), and the tunneling
current for spin-σ electrons through the system(shown in Fig. 3.12 (b)), under increas-
ing bias voltage Vb. The blue dashed lines in Fig. 3.12 denote the case for a system with
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ȝR<İdĻ<ȝL<İdĹ+U ȝR<İdĻ<İdĹ+U<ȝL ȝR<İdĻ<ȝL<İdĹ+U ȝR<İdĻ<İdĹ+U<ȝL
Figure 3.12: QD occupancies (a) and current for spin-up and spin-down electrons (b),
as a function of the bias voltage, with (B 6= 0) or without (B = 0) the ZS. The following
parameters are assumed: lowest unoccupied energy level in the dot under zero bias
voltage of ²d0=0.2eV, the Coulomb blockade energy U = 0.26 eV, the Zeeman energy
due to the FM gate is gµBB = 0(0.36 meV) for B = 0 (B 6= 0) case, the gate voltage
Vg = 0, and temperature T = 3 K.
no FM gate. In this case, we expect the electron transport through the system to be
independent of spin, since the two leads which are coupled to the dot are NM, and the
single energy level ²d in the QD is spin degenerate. Indeed, as can be seen from Figs.
3.12 (a) and (b), both the QD occupancies and spin-σ current are independent of spin
orientation, i.e., n↓ = n↑ = nσ and I↓ = I↑ = Iσ. In the presence of a FM gate, i.e., a
finite ZS of the QD’s energy level, the corresponding QD occupancies and spin current
are depicted by the red dotted and the green dashed-dotted lines in Fig. 3.12. Both
the QD occupancy and current for spin-σ electrons show three distinct regions upon
varying the bias voltage. For the range i) µR < µL < ²d↓ < ²d↑, the electron tunneling is
suppressed due to Coulomb blockade, thus giving rise to zero occupancy and current; ii)
for the range µR < ²d↓ < µL < ²d↑+U , we have a spin blockade situation where it is en-
ergetically favorable only for spin-down electrons to tunnel through the QD. Since there
is no competition from the tunneling of the spin-up electrons via this single energy level,
the magnitude of the spin-down current I↓ (red dotted line in Fig. f3.12(b)) is twice as
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Figure 3.13: Charge current (Ic) and spin current (Is) as a function of the bias voltage,
with (B 6= 0) or without (B = 0) ZS. Vg = 0. Other parameters are the same as in Fig.
3.12.
great as that for the system without FM gate (dashed line in Fig. f3.12(b)). Neglecting
thermal excitations, we have a fully spin-polarized current in the down orientation, with
finite n↓ and I↓, but zero n↑ and I↑; lastly, iii) for the range µR < ²d↓ < ²d↑ + U < µL,
it is energetically favorable for electrons of both spin orientations to tunnel through the
junctions. Hence, both n↓ and I↓ decrease relative to their values in region ii), and finite
spin-up electron occupancy and current are observed, i.e., n↑ > 0 and I↑ > 0.
Next, we study the I − V characteristics of the system, as shown in Fig. 3.13, for
both spin current Is and charge current Ic, respectively. In the absence of a FM gate,
i.e., with zero magnetic field (B = 0) through the QD, when the bias voltage is within
the region µR < ²d↓ < µL < ²d↑+U , the magnitude of the charge current Ic is the same
as that of the same system but with a FM gate. In this region, the spin current Is for
the system is zero in the absence of a FM gate, since the device is spin-symmetric and
hence, the transport across it is spin-independent. In the presence of a FM gate, with
a finite ZS in ²d, both the charge current Ic and spin current Is of the system show the
three distinct regions with respect to the bias voltage, as discussed previously, namely:
i) µR < µL < ²d↓ < ²d↑, where both Ic and Is are negligible due to the suppression
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of electron tunneling by Coulomb blockade, ii) µR < ²d↓ < µL < ²d↑ + U , where due
to spin blockade, only the spin-down channel contributes to the transport across the
system, thus resulting in a fully spin-down polarized current with Is = Ic; and iii)
µR < ²d↓ < ²d↑ + U < µL, where it is energetically favorable for both types of spins to
tunnel across the device. We thus obtain zero spin polarized current, such that Is = 0.
3.3.3.2 Switching the polarization of the current
In this subsection, we will analyze a useful feature of the system, i.e. the electrical
modulation of the sign of spin polarization of the tunneling current, by means of a gate
voltage Vg. It will be shown that the gate voltage modulation of the QD energy level
²d can result in the switching of the spin polarization of current, without requiring any
corresponding change to the magnetization of the FM gate.
To explain how this feature can be achieved, we consider the energy diagram of the
switching process, as shown schematically in Fig. 3.14. The corresponding change of
the spin current Is with varying gate voltage Vg is shown in Fig. 3.15.
At zero or small gate voltage Vg, the energy levels in the QD relative to the elec-
trochemical potential of the leads are such that: µR < ²d↓ − eVg < µL < ²d↑ − eVg (see
Fig. 3.14 (a)). In this gate bias region, the tunneling current is purely polarized in
the spin-down direction, since tunneling via ²d↑ is energetically unfavorable. This state
corresponds to the first plateau in the I − Vg characteristics, shown in Fig. 3.15.
Next we consider an increase in the gate voltage, such that the QD energy spectrum
satisfies the condition: µR < ²d↓ − eVg < ²d↑ − eVg < µL. In this case, both the
energy level for up- and down- spin are within the tunneling window, which given zero
spin polarization of the current, resulting in zero spin current (as shown by the second
80
COHERENT SPIN DEPENDENT TRANSPORT IN QD-DTJ SYSTEMS
μL=0





























μR = – eVb
Figure 3.14: (a)-(d) Schematic energy diagram and tunneling process for the system,
in which the polarization of the tunneling current switches from spin-down (in (a))to
spin-up (in (b)-(d)), under the FM gate voltage (Vg) modulation of the single energy
level (²d↓ and ²d↑) in the QD. The magnetic field B is provided by the FM gate.
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Figure 3.15: Spin current (Is) as a function of the gate voltage(Vg), with Vb = 0.7eV.
²′dσ = ²dσ − eVg, where ²dσ is the energy level of spin-σ electrons under zero Vg, U is
the Coulomb blockade energy when the QD is occupied by two electrons with opposite
spins. Other parameters are the same as in Fig. 3.12.
segment of the line in Fig. 3.15).
If the gate voltage keeps on increasing, the energy diagram of the system satisfies
that ²d↓ − eVg < µR < ²d↑ − eVg < µL. In this case, a spin-down electron from the left
lead would tunnel to the QD, and occupy the energy level ²d↓−eVg. Since this energy is
lower than either µL or µR, the electron is thus trapped within the QD (schematically
shown in Fig. 3.14 (b)). The ensuing spin blockade then ensures that the next electron
tunneling from the left lead must be up-spin, and will occupy the energy level ²d↑− eVg,
as shown in Fig. 3.14 (c). Since this energy is higher than µR, the spin-up electron will
subsequently tunnel out to the right lead, as shown in Fig. 3.14 (d). Thus, the system
reverts back to its original state of Fig. 3.14 (b), where the energy level ²d↑ − eVg is
empty. Following the loop from Fig. 3.14 (b) to Fig. 3.14 (d), a fully spin-up polarized
current will thus flow continuously through the system. The 100% spin polarization
of current, but of the opposite sign (i.e. spin-up as opposed to spin-down) is reflected
in the I − Vg characteristic of Fig. 3.15 for the gate voltage range which satisfies the
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condition: ²d↓ − eVg < µR < ²d↑ − eVg < µL.
If the gate voltage is increased too much such that ²d↓− eVg < ²d↑− eVg < µR < µL,
the electron tunneling through the QD is suppressed due to the zero channel within the
tunneling window, giving rise to the zero spin current in the fourth segment of the I−Vg
characteristic Fig. 3.15.
3.3.4 Summary
In summary, we modeled the SDT through a nanoscale device consisting of a QD coupled
to two NM leads via a double barrier tunnel junction (QD-DTJ). The energy level in
the QD is assumed to be spin degenerate. Under an applied magnetic field from the
FM gate, this energy level splits into two due to the ZS effect. The two energy levels
can be modulated by the gate voltage applied to the FM gate. Firstly, we adopted
the Keldysh nonequilibrium Green’s function (NEGF) approach accompanied by the
EOM method, to build up model for the SDT through the system. Based on the model,
we showed the I − Vb characteristics for the system, and confirmed that a fully spin-
down polarized current can be obtained when the system is operated under a proper
bias voltage between the two leads [100]. Additionally, we proposed a way of switching
the polarization of the current from spin-down to spin-up, by utilizing the gate voltage
modulation instead of switching the magnetization of the FM gate.
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3.4 Diluted magnetic semiconductor QD system
3.4.1 Introduction
In the last two sections of this chapter, we studied the QD-DTJ system with NM QD.
In this section, we investigate the QD-DTJ system, where the QD is diluted magnetic
semiconductor (DMS) [105,106]. In this DMSQD system, the intra energy level Coulomb
interaction in the QD is included, i.e., if the QD is empty, either spin-up or spin-down
electrons could tunnel into the single energy level; while if the single energy level is
occupied by an electron of one type of spin, the second electron which is going to tunnel
in should be of the opposite spin, and will experience the Coulomb interaction due to the
existing electron. We analyze the case that the magnetization of the two FM leads are
parallel and fixed, while the angle (denoted by θ) between them and the magnetization
of the QD is arbitrary.
The DMSQD system may potentially be utilized as a nanoscale spintronic device
[6,91,107,108] which combines the properties of single electron tunneling [109,110] and
magnetoresistive transport [21]. The SDT through such DMSQD systems has hitherto
not been theoretically studied. Hence, our study of the DMSQD system is focused
on the TMR effect and how this depends on the non-collinearity between the QD’s
magnetization with respect to that of the leads’. We consider the coherent transport
across the DMSQD system, for which the Keldysh non-equilibrium Green’s function
(NEGF) formalism is applicable.
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Figure 3.16: (a) Schematic diagram of the mesoscopic structure consisting of a QD
sandwiched by two FM leads; (b) the energy diagram for the QD-DTJ system of (a). In
(a), the left lead serves as the source and the right lead serves as the drain for positive
bias voltages. The direction of the forward current is defined as from the drain to source.
We consider ²d (²d0) as the single energy level of the QD in the presence (absence) of an
applied bias voltage. ΓL is the coupling strength between the left lead and QD, while
ΓR is the coupling strength between the QD and the right lead. β = ΓR/ΓL is the ratio
showing the coupling asymmetry, i.e., β = 1 (β 6= 1) for symmetrical (asymmetrical)
system. The arrows in the leads denote the magnetization of the two lead, which are
in parallel alignment. The line arrow in the QD is along the magnetization of the QD,
which has an angle θ difference from the leads the magnetization (parallel to the dashed
arrow in the QD).
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3.4.2 Theory












where the lead index α = {L,R}, ν = {α, k, σ}, k is the momentum and σ = {↑, ↓
} denotes the up- (down-) spin of electrons. The lead’s Hamiltonian Hν , the QD’s



































where the operators a†αkσ (aαkσ) and a
†
dσ (adσ) are the creation (annihilation) operators
for the electrons in the leads and the QD, respectively, ²dσ is the single energy level
under consideration in the QD, U is the intra-level Coulomb interaction when the QD is
occupied by two electrons with opposite spins, nσ = a
†
dσadσ are the respective occupation
operators for electrons with spin σ in the QD, tαkσ is the coupling strength between the
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electrons with spin σ states in the lead and those in the dot, and θ is the angle between
the magnetization of the leads and that of the QD.
The tunneling current based on the Hamiltonian of Eqs. (3.38)-(3.41) is obtained via
the Heisenberg’s EOM (the explicit derivations are shown in Appendix. A), expressed
in forms of the coupling strength Γασσ,σ′′ and the retarded, advanced and lesser Green’s




















where IL = I is the tunneling current through the tunnel junction between the left lead
and the QD, ² stands for energy, the retarded Green’s function is defined as Grdσ′,dσ′′(t−
t′) = −iθ (t− t′)
〈
{adσ′ (t) , a†dσ′′ (t′)}
〉
, the advanced Green’s function Gadσ′,dσ′′(t− t′) =[
Grdσ′,dσ′′(t− t′)
]∗






fLσ is the Fermi-Dirac function for the electrons of energy ²Lσ in left lead, ΓLσσ′,σ′′ =
2piρLσ(²)Wdσ′,Lkσ(²)W ∗dσ′′,Lkσ(²) is the coupling strength between the left lead and the
QD, where ρLσ is the DOS of the left lead and in form of ρLσ = [1 + (−1)σpL]ρL0, with
pL being the polarization and ρL0 = (ρLσ + ρLσ¯)/2 being the intrinsic DOS of the left

















tLkσ, ifσ′ = σ
−σsinθ
2
tLkσ, ifσ′ = σ¯
. (3.43)
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The TMR in the DMSQD system is then given by
TMR =
I|θ=0 − I|θ 6=0
I|θ 6=0
. (3.44)
For the retarded Green’s functions Grdσ′,dσ′′ in Eq. (3.42), we apply the method of
equation of motion (EOM), i.e. (where σ′ and σ′′ take σ and σ¯),







Gr (kασ, dσ)− σ¯tαkσ¯sinθ2G
r (kασ¯, dσ)
]
+UDR (dσdσ) , (3.45)







Gr (kασ¯, dσ)− σtαkσsinθ2G
r (kασ, dσ)
]
+UDR (dσ¯dσ) , (3.46)
(w + iη − ²kασ)Gr (kασ, dσ) = t∗kασ cos
θ
2
Gr (dσ, dσ)− σt∗kασsin
θ
2
Gr (dσ¯, dσ) , (3.47)
(w + iη − ²kασ¯)Gr (kασ¯, dσ) = −σ¯t∗kασ¯sin
θ
2
Gr (dσ, dσ) + t∗kασ¯ cos
θ
2
Gr (dσ¯, dσ) , (3.48)
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(w + iη − ²kασ)FR1 = cosθ2 tαkσD







Gr (dσ¯, dσ) ,
(3.51)
(w + iη − ²kασ¯)FR2 = −σ¯sinθ2 tαkσ¯D






Gr (dσ¯, dσ) ,
(3.52)
(w + iη − ²kασ¯)FR3 = cosθ2 tαkσ¯D







Gr (dσ, dσ) ,
(3.53)
(w + iη − ²kασ)FR4 = −σsinθ2 tαkσD






Gr (dσ, dσ) .
(3.54)




, DR (dσ¯dσ) (t− t′) = −iθ (t)〈
{ndσ¯(t)adσ(t), a†dσ¯}(t′)
〉



















By solving Eqs. (3.45)-(3.54)(with the Hartree-Fock decoupling approximations in
Eqs. (3.32)-(3.36)), one may obtain the retarded Green’s function:
Gr (dσ, dσ) =
1 + Undσ¯Sσ
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= 2pifkασδ (²− ²kασ), and σ = {1,−1} for up- (down-) spin, respec-
tively.
3.4.3 Non-collinearity dependence of the spin dependent transport
Based on the SDT model that we established in Sec. 3.4.2, we study the non-collinearity
dependence of the SDT in the DMSQD system shown in Fig. 3.16. To focus on the
non-collinearity dependence, we make the following assumptions: i) symmetrical FM
leads, i.e., the polarization pL = pR = p, the intrinsic density of states ρL0 = ρR0 = ρ0,
the coupling strength between the lead and the QD tLkσ = tRkσ = tkσ, and the coupling
asymmetry β = 2piρR0t2Rkσ/2piρL0t
2
Lkσ = 1; ii) the chemical potential for the left lead
and right lead are µL = 0 and µR = −eVb, respectively; and iii) the energy level of the
QD to be spin-independent, i.e., ²dσ=²dσ¯=²d= ²d0 − eVb β1+β , where ²d0 is the energy
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level without bias voltage Vb.
First, we study the charge current Ic and spin current Is as a function of the bias
voltage Vb, with arbitrary angle θ between the magnetization of the QD and those of
the FM leads. The results are shown in Figs. 3.17 (a) and (b), respectively. The charge
current and spin current are defined as Ic = I↑ + I↓ and Ic = I↑ − I↓, where I↑ (I↓) is
the spin-up (spin-down) component of the tunneling current and is given in Eq. (3.42)
for σ′ =↑ (σ′ =↓), respectively.
As shown in Figs. 3.17 (a) and (b), both the charge current and spin current show
three distinct regimes in terms of the bias voltage, i.e., i) regime I (the blockade regime:
Vb < Vth = 2²d), where it is energetically unfavorable for an electron to tunnel into
the QD; ii) regime II (singly-occupied regime: Vth < Vb < 2(²d + U)), where it is
energetically favorable for the QD to be occupied by at most one electron with either
up- or down- spin; and iii) regime III (freely-occupied regime: Vb > 2(²d+U)), where the
energy level ²d in the QD can be occupied by up to two electrons with opposite spins,
with a resulting Coulomb interaction energy U . There is an exponential suppression of
tunneling current in regime I (blockade regime) but this is lifted in regime II, resulting in
a step-like increase in the charge current. There is a further increase in the charge current
in regime III, which can be attributed to the presence of additional tunneling channels in
regime III due to the broadening of the conduction window and the possibility of double
occupancy of the QD. By contrast, the magnitude of the spin current in regime III is
much smaller compared with that in regime II. This decrease is caused by the reduction
in the spin asymmetry of the tunneling current when the bias voltage is increased from
regime II to regime III, where the tunneling channels through ²d for electrons of both
spin orientations are operative. Turning to the non-collinear dependence, we found that
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Figure 3.17: (a)Charge current, (b) spin current and (c) Tunnel magnetoresistance
(TMR) as a function of the bias voltage Vb, with varied angle θ which is between the
magnetization of the leads’ and that of the DMSQD. Other parameters are t=0.08 eV,
υ=0, ²d0 = 0.2eV, U = 0.3eV, ρ0 = 0.5(eV )−1, pL = pR = 0.5, λ = 0, β = 1, and T = 3
K.
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the charge and spin currents both decrease monotonically when the angle θ increases
from 0 to pi. These currents is approximately halved in value when θ is increased from
0 to pi/2.
Next, we study the tunnel TMR of the system, the results of which are plotted
in Fig. 3.17 (c). As in the case of the charge and spin currents, the TMR depen-
dence on bias voltage also shows three distinct regimes accordingly. For all three bias
regimes, the TMR generally increases with the increasing angular deviation θ between
the magnetizations of the QD and the lead. For the range of 0 < θ ≤ 2pi/3, there is
a significant reduction in the TMR just beyond the Coulomb blockade (CB) threshold
between regimes I and II. The reduction is especially pronounced when the angular de-
viation is large (i.e. θ = 2pi/3). Interestingly, for a larger θ which approaches pi, there
is a step increase in TMR beyond the CB threshold. The TMR reaches a maximum
in bias regime II, before decreasing with a further increase in Vb into regime III. Thus,
by setting θ close to pi, and adjusting Vb to coincide with the singly-occupied regime
(regime II), one can simultaneously achieve a relatively large current (compared with
that in regime I), and a high TMR (compared with that in regimes I and III). Besides,
we also note that the angular dependence of the TMR is enhanced when the angle of
deviation θ exceeds 2pi/3.
3.4.4 Summary
We theoretically study the SDT through a DMSQD, which is coupled by two FM leads
via two magnetic tunnel junctions (MTJs). The magnetization orientation of the two
FM leads are fixed and parallel to one another, while the magnetization of the DM-
SQD is variable, i.e. at some arbitrary angle θ to the leads’ magnetization. The spin
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and charge currents through the DMSQD-MTJ system is calculated via the the NEGF
approach, which systematically accounts for interactions with the leads, and electron-
electron interactions within the QD. The Green’s functions of the QD are analytically
solved by means of the EOM method. The charge current, spin current and tunnel
magnetoresistance (TMR) of the system are investigated under varying bias voltage and
different degree of non-collinearity between the QD’s and leads’ magnetizations. It is
found that the spin current and TMR are maximum when the bias voltage is within the
range under which the QD can be occupied by at most one electron. Furthermore, within
the same bias regime and by having the QD magnetization to be almost antiparallel to
that of the leads (i.e. θ approaching pi), one can attain the optimal device operation −
simultaneously a large tunneling current and a high TMR.
3.5 Conclusion
In summary, we explored the SDT through double barrier tunnel junction systems, where
a QD is coupled to two adjacent leads. From the Hamiltonian, we derived the tunneling
current through the systems, via the Keldysh NEGF approach and the EOM method.
We investigated the the SDT properties of these QD-DTJ systems, i.e., the tunneling
current (charge current and spin current), the tunnel TMR, the spectral functions and
the occupancies of the QD. During the modeling of the SDT, we systematically incor-
porated different events which might affect the SDT properties of the systems. These
include the SF-TJ events, the SF-QD events, the CA between the two tunnel junctions,
the ZS of the single energy level in the QD, and the magnetic property of the QD.
The SF-TJ and the SF-QD events are found to have competing effects on the tunneling
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current; whilst the effects of them on the TMR are consistent. The presence of CA
effectively modifies the threshold voltage, and generates the current following direction
dependence of the QD’s electron occupancy and the charge and spin currents. The ZS
within the QD and the gate voltage can be utilized together to generate bipolar polariza-
tion of the spin current in a QD-DTJ system. The DMSQD-DTJ system has relatively
high magnitudes of both tunneling current and TMR when the system is operated under
such a bias voltage that the QD can be singly occupied by at most one electron. The




Incoherent spin dependent transport in a QD based DBMTJ System
4.1 Introduction
In Chapter 3, we study the coherent SDT through several types of double barrier mag-
netic tunnel junction, which consists of a quantum dot coupled by two leads (QD-
DBMTJ). The coherent spin dependent transport in those QD-DBMTJ systems are
studied via the Keldysh nonequilibrium Green’s function (NEGF) approach, accompa-
nied by the equation of motion method. In this chapter, we focus more on the incoherent
SDT (referred to as “sequential tunneling” later) through QD-DBMTJ systems, based
on the master equation method.
The master equation (ME) approach has been applied to evaluate the tunneling
current [34, 78, 111], TMR [34] and conductance [79] in both sequential tunneling and
cotunneling [74] regimes, for either collinear [34] or noncollinear [71] alignment of the
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two leads’ magnetization. Additionally, spin-flip events, either within the QD [34,112] or
within the coupling between the lead and the dot [86], have been incorporated primarily
within the Anderson model [113] of the QD-DBMTJ device which considers the electron
correlation energy within a single energy level in the QD. The ME has been formulated
either semiclassically in terms of the state occupation probabilities of the dot [43, 111]
or by incorporating the density-matrix elements of the dot. [71, 79] The ME method
applies in the limit of high tunnel resistance such that successive events can be regarded
as independent (incoherent) events.
SDT in QD-DBMTJ systems has attracted much theoretical [34,35,60,69,76,79,81,
85,114–123] and experimental [36,124–126] interest in recent years, due to its relevance to
the further development of tunneling-based spintronic devices. Most of those theoretical
studies, including the work we have done in Chapter 3, have focused on QD’s with a
single discrete energy level [113]. Such an energy level can accommodate up to two
electrons of opposite spins due to the Pauli exclusion rule. However, for the case of a
semiconductor QD, it is necessary to consider the hole contribution to the total tunneling
current. For instance, a tunneling sequence may involve the initial tunneling of electrons
from the QD to either of the leads, leaving behind a deficit of one electron (i.e. a hole)
in the QD. To take such a tunneling sequences into consideration, we have to go beyond
the single energy level model.
In this chapter, we consider the QD-DBMTJ system (schematically shown in Fig.
4.4), which consists of two FM leads and a semiconductor QD with two energy levels
under consideration, i.e., the lowest unoccupied (LU) energy level ²e and the highest oc-
cupied (HO) energy level ²h. These energy levels are occupied by the tunneling electron
and hole, with the respective Coulomb correlation energy for electrons (holes) on the QD
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being denoted by Ue (Uh). The transport properties in this QD-DBMTJ system may be
influenced by the magnetic properties of the QD-DBMTJ system, including the intrinsic
spin polarization of the FM electrodes [60], their magnetization alignment [60,116,127],
the coupling asymmetry between the two junctions [34,36,76], as well as the probability
that the tunneling electron undergoes spin-flip (SF) scattering (as discussed earlier in
Section1.1.3.1) [85,116,128].
Hence, in our [113] model for the QD-DBMTJ system in Fig. 4.4, we incorporate
the coupling asymmetry (CA) effect, the angle difference between the magnetization
of the two FM leads, the spin-flip effect during tunneling across the junction between
the lead and the QD, and the spin-flip within the energy level in the QD itself. The
transport model is based on the ME approach. In our SDT model, i) the angle between
the two magnetization is denoted by θ; ii) the CA is presented by β = ΓRσ/ΓLσ, where
ΓRσ (ΓLσ) is the coupling strength between the right (left) lead and the QD for spin σ





, for the electron (hole) spin in the QD, where λσ is the spin-flip
rate; and iv) the spin-flip rate for electrons tunneling through the junction between the
lead and the dot (SF-TJ) is denoted by ηνσ = tαkσ,σ¯/ (tαkσ,σ + tαkσ,σ¯), which shows that
an electron with initial spin state σ tunneling to a final spin state σ¯.
The rest of this chapter is organized as follows: firstly we give a general introduction
of the Hamiltonian of a general QD-DBMTJ system, and the two tunneling regimes of
QD-DBMTJ systems together with the equation of motion method. In the following
Section 4.2, we theoretically model the SDT through the QD-DBMTJ system shown in
Fig. 4.4, based on the ME. The calculated results and the corresponding discussions
for the tunneling current, spin accumulation, the occupancies of the QD, and the TMR
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dot





Figure 4.1: Schematics of a QD-DBMTJ system, which consists of the two FM leads
and the dot region. The arrows show the magnetization in parallel case (solid) or
antiparallel case (dashed). Vr and Vl are voltages.
are given in Section 4.3. In the final section, a summary of the work in this chapter is
provided.
4.1.1 General Hamiltonian
In a QD-DBMTJ system (as shown schematically in Fig. 4.1), the middle region, i.e., the
dot, is a nanostructure where interaction effects may be important. These interactions
could be either electron-electron or electron-phonon interactions. The coupling between
the lead and the central region is described by a tunneling term (Ht) that allows electrons
to be exchanged. The Hamiltonian of a general QD-DBMTJ system is given by
H = Hν +Hd +Ht, (4.1)
where Hν (ν = {α, k, σ}) is the Hamiltonian for the left and right leads, Hd is the
Hamiltonian describing the“dot” region, and Ht is the tunneling Hamiltonian for the
two junctions, where α = {L,R} is the lead index, k is the momentum, σ = {↑, ↓}
denotes the up- (down-) spins. The occupancy with spin “σ” in the uncoupled dot, the
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The “dot” Hamiltonian Hd includes both a single particle part and an interaction
part
Hd = Hd0 +Hint, (4.3)








and the interaction part Hint is to be specified. If the dot region is a QD with a number
of single particle levels and Coulomb interactions between the electrons occupying these










which represents the transitions of the two electron states, induced from the initial states
|aklakm〉 to the final state |akiakj 〉, as illustrated in Fig.4.2.
4.1.2 Transport regimes and master equation
The SDT properties of QD-DBMTJ system strongly depend on the coupling strength
between the QD and each lead and on how far the system is from resonance (degeneracy
point). It is convenient to distinguish different transport regimes, for which one can
expect significantly different behaviors. When the Fermi energy in the lead exceeds
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Figure 4.2: A graphical representation of the two-particle operators in second quan-
tization, where the incoming and outgoing arrows represent initial and final states, re-
spectively, the wiggled line represents the transition amplitudes for two-particle process
contained in the operators.
the charging energy of one electron in the QD, then electrons will tunnel through the
junction one by one in a correlated manner, i.e., sequential tunneling. Conversely, when
the charging energy exceeds the Fermi energy in the lead, sequential tunneling becomes
energetically unfavorable, and the transport across the QD instead occurs via higher-
order tunneling involving virtual states in the QD, namely cotunneling [34, 74].
In the rest of this subsection, the two tunneling regimes, e.g., the sequential tunneling
and cotunneling regimes are briefly described with the ME approach.
4.1.2.1 Sequential tunneling
In the limit of weak QD-lead coupling, i.e., the tunneling rate is far smaller than the
thermal energy, referred to as the sequential tunneling regime, transport is dominated
by the processes of the first order in the tunneling (unless we are not far from resonance).
In this limit the QD-DBMTJ system could be described by a distribution function that
gives the probability of the system being in a particular state, x. This distribution
function is denoted by P (x). When a voltage bias Vb is applied across the system, P (x)
is a non-equilibrium distribution function.
To use the ME approach, we start with introducing the transition rate between these
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x states. In this weak QD-lead coupling limit, the transition rate between these x states









which sums over initial states over all configurations of the internal degrees of freedom,
ix, that give the state x, and each of these configurations is weighted by a thermal
distribution function Wix . Similarly, we also sum over all the configurations of final
states, fx′ .
The connections between these distribution functions P (x) for various states x de-











where the first (second) term stand for tunneling from (into) state x into (from) some
other state x′.
The distribution function P (x) can be obtained by solving equation array by setting
the left side of Eq. 4.7 to be zero, combined with the normalized condition
∑
x P (x)=1.
This is the final step of the ME approach.
4.1.2.2 Cotunneling
In sequential tunneling regime, the tunneling in and out of the QD is incoherent. How-
ever, in the Coulomb blockade (CB) regime, where the sequential tunneling is sup-
pressed, higher order process such as coherent “cotunneling” would occur through sev-
eral junctions [129]. In this regime, the energy of a state with an excess charge on the
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Left lead Right leaddot
(a)  Inelastic cotunneling
Left lead Right leaddot
(b)  Elastic cotunneling
Figure 4.3: A graphical representation of the inelastic cotunneling (a) and elastic
cotunneling process (b).
QD lies above the Fermi levels of the leads. If a bias voltage is applied between the two
leads of a QD-DBMTJ system, the cotunneling process transferring an electron coher-
ently through the two junctions is energetically favorable. In this case the intermediate
state, where the electron is on the QD itself, has an energy larger than the initial en-
ergy in the lead, therefore this process is a virtual process. The cotunneling process is
illustrated in Fig.4.3.
As shown in Fig. 4.3, there are two types of cotunneling processes, i.e., the inelastic
cotunneling or elastic cotunneling. In inelastic cotunneling process, the energies of the
initial and final electron states in the two leads are different, with the generation of an
electron-hole pair in the QD; while in elastic cotunneling process, the two energies are
the same. In inelastic cotunneling, a spin-flip may occur during the process, which may
give rise to the Kondo effect in low temperature when the QD and the two leads are in
strong coupling [12].
The transition rate in cotunneling is given by the standard second-order perturbation




∣∣∣∣〈fx′ |Ht 1Eix −H0Ht|ix〉
∣∣∣∣Wixδ (Efx′ − Eix) . (4.8)
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For a symmetrical QD-DBMTJ where the junction between the left lead and the QD
is identical to that between the right lead and the QD, the transition rate for a electron




∣∣∣∣〈fx′ |(HtR 1Eix −H0HtR +HtL 1Eix −H0HtL
)
|ix〉
∣∣∣∣Wixδ (Efx′ − Eix) .
(4.9)
4.2 Theory
In this section, we apply the ME approach to study the SDT through the QD-DBMTJ
system shown in Fig. 4.4, where a QD is coupled to two FM leads. The relative angle
between the two magnetization is denoted by θ.
In this QD-DBMTJ system, we consider the SDT through two discrete energy levels
closest to the Fermi level of the QD, i.e., the highest occupied (HO) energy level εh
and lowest unoccupied (LU) energy level εe. The QD here can be occupied by at most
two (excess) electrons or holes of opposite spins. When the QD is doubly occupied, the
electrons/holes experience an intra-level Coulomb correlation energy of Ue (for electrons)
or Uh (for holes). A bias voltage Vb is applied between the two leads, i.e. the potential
of left/right lead is µl = 0 and µr = −eVb, respectively. The potential difference is
distributed among the two tunnel junctions depending on the coupling asymmetry (β)






, where εe0 (εh0) is the initial LU (HO) energy level at zero bias. The spin
polarization of the leads is denoted by pα = (ρα↑ − ρα↓) / (ρα↑ + ρα↓), where α = {L,R}
signifies the lead index, and ρα↑ (ρα↓) is the density of states for up- (down-) spin
electrons in the lead α.
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Coupling Asymmetry     
β= t
Rkσ,σ /tLkσ,σ










Figure 4.4: (a) Schematic diagram of a QD-DBMTJ system, which consists of two
FM leads and a semiconductor QD. The arrows show the magnetization of the two FM
leads, with an angle θ in between. tLkσ,σ (tLkσ,σ¯) is the coupling strength between the
electrons with the same (opposite) spins in the left lead and the QD. β = tRkσ,σ′/tLkσ,σ′
is the coupling asymmetry parameter between the two junctions, and η is the spin-flip
rate during tunneling the junction between the lead and the QD. (b) Energy diagram
of the QD-DBMTJ system, where Vb is the bias voltage applied between the two FM
leads, µL and µR are the chemical potential of the left and right leads respectively, ²e
(²h) is the lowest unoccupied (highest occupied) energy level of the QD, with Ue (Uh)
being the Coulomb interactions between the same energy levels when the energy levels
are occupied by two electrons (or holes) with opposite spins.
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The Hamiltonian of the system is
H = HL +HR +Hd +Ht, (4.10)
where HL (HR) describes the left (right) lead in the noninteracting quasiparticle ap-









where ²αkσ is the electron energy in the lead α for electron with wavevector k and spin
σ (=↑, ↓), a†αkσ (aαkσ) is the corresponding creation (annihilation) operator. The Hd





















In the QD Hamiltonian, 〈neσ〉 = a†eσaeσ and 〈hσ〉 = ahσa†hσ are the respective occupa-
tion operators for electrons and holes with spin σ, and λe (λh) denotes the spin relaxation
parameter for electrons (holes) in the QD, which is assumed to be spin-independent. The






















where the superscript σ = {0, 1} for up-spin and down-spin, respectively, ξ = {e, h}
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is the energy level index for the LU and HO energy levels in the QD, tαkσ,ξσ′ is the
coupling strength between the electrons of state ξσ′ in the QD and the electron of state
kσ in the lead α.
In the sequential tunneling regime, a carrier tunnels across the QD-DBMTJ system
via two successive tunneling processes. Electrons tunnel from the left lead into the QD,
followed by the electrons tunneling out from the QD to the right lead. The two tunneling
events are not coherent, with the electron relaxing to equilibrium after the first event.
Under this circumstance, the overall tunneling current can be evaluated by utilizing the
ME method [34,42,43] briefly introduced in Section 4.1.2.
The occupancy probability of the QD could be described by 〈nσ〉, 〈hσ〉, 〈n↑n↓〉 and
〈h↑h↓〉, where 〈nσ〉 (〈hσ〉) stands for the probability of the QD being occupied by at
least one electron (hole) with spin σ, and 〈n↑n↓〉 (〈h↑h↓〉) are the probability of the
QD being occupied by two electrons (holes) with opposite spins. For convenience, we
represent 〈nσ〉, 〈n↑↓〉, 〈hσ〉, and 〈h↑↓〉 by nσ, n↑↓, hσ, and h↑↓, respectively. The ME can
thus be expressed by the following set of equations:
dnσ
dt
= −λeσ [nσ − nσ¯] + Γ+eσ [1− nσ − nσ¯ − hσ − hσ¯ + n↑n↓ + h↑h↓]
+Γ˜+eσ [nσ¯ − n↑n↓]− Γ−eσ [nσ − n↑n↓]− Γ˜−eσn↑n↓, (4.14)
dhσ
dt
= −λhσ [hσ − hσ¯] + Γ+hσ [1− nσ − nσ¯ − hσ − hσ¯ + n↑n↓ + h↑h↓]
+Γ˜+hσ [hσ¯ − h↑h↓]− Γ−hσ [hσ − h↑h↓]− Γ˜−hσh↑h↓, (4.15)
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In Eqs. (4.14) to (4.17), σ¯ denotes the opposite of spin σ, λeσ (λhσ) is the spin-flip
rate for electrons (holes) in the QD, Γ±eσ (Γ
±
hσ) is the tunneling rate for an electron
(hole) to tunnel into (+) the QD when the QD is empty, or to tunnel out (−) of the
QD when it is singly occupied by an electron (hole). Γ˜±eσ (Γ˜
±
hσ) is the corresponding
rates when the QD is either singly occupied by an electron (hole) of the opposite spin
(for tunneling in +), or doubly occupied by two electrons or holes of opposite spins (for
tunneling out −). Note that the occupation probabilities sum up to unity according to
〈0〉 +∑ξ 〈ξ↑〉+ 〈ξ↓〉 − 〈ξ↑ξ↓〉 = 1, where the summation is over carrier type ξ ∈ {e, h},
and 〈0〉 denotes the probability of a neutral (empty) QD. The tunneling rates in Eqs.



















































where the summation is over the lead index α = {L,R}. In the above relations, γξασ
= 2piρασ|tασ,ξσt∗ασ,ξσ|2, γξασ¯ = 2piρασ|tασ,ξσ¯t∗ασ,ξσ¯|2, γ˜ξνσ= 2piρ˜ασ|tασ,ξσt∗ασ,ξσ|2, and γ˜ξνσ¯=
2piρ˜ασ|tασ,ξσ¯t∗ασ,ξσ¯|2, are the coupling strength between the QD and the lead α at the
energy levels ²ξ and ²ξ + Uξ, respectively, with ρασ (ρ˜ασ) being the density of states
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in the lead α. In the following parts of this paper, we assume a constant density of





Thus, the coupling strength can be expressed as (assuming symmetry w.r.t. carrier type
ξ = {e, h}), γξασ = γασ = (1 + σpα)γα, where pα is the spin polarization for lead α,
σ = ±1 for up/down spin, and γα = (γα↑ + γα↓) /2. The corresponding Fermi-Dirac
functions are given by:
f+αe =
1




1 + exp [(²e + Ue − µα)/kBT ] ,
f−αh =
1




1 + exp [(²h + Uh − µα)/kBT ] , (4.20)
with f−αξ = 1− f+αξ, and f˜−αξ = 1− f˜+αξ.
We consider the steady state equilibrium condition, where the various occupation
probabilities are constant in time, i.e. dnσ/dt = dhσ/dt = dn↑↓/dt = dh↑↓/dt = 0.
By substituting these into Eqs. (4.14) to (4.17), and solving the resulting set of linear
equations, the equilibrium state occupation in the QD can be evaluated. We consider
only the sequential tunneling current across the QD and neglect higher-order cotunneling






Γ−Reσ (nσ − n↑↓) + Γ˜+Rhσ (hσ¯ − h↑↓) + Γ˜−Reσn↑↓






Γ−Rhσ (hσ − h↑↓) + Γ˜+Reσ (nσ¯ − n↑↓) + Γ˜−Rhσh↑↓
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The tunneling current can be calculated for the cases of various θ value in the range
of [0, 2pi].
Finally, the TMR in the sequential tunneling regime is given by the fractional dif-
ference in the total currents calculated for θ = 0 and θ 6= 0 cases, i.e.:
TMR(θ) =
I|θ=0 − I|θ 6=0
I|θ 6=0 . (4.22)
4.3 Results and discussion
Based on the SDT model we established in Sec. 4.2, we study the SDT properties
through the QD-DBMTJ system shown in Fig. 4.4. We will show the SDT properties
such as tunneling current, TMR, and their dependence on different system parameters
(i.e., the alignment of the two leads’ magnetization, spin-flip rates, and the polarization
of the leads).
In terms of the magnetization alignment of the two FM leads, we consider two cases,
one of which is collinear system (Sec. 4.3.1) and the other is noncollinear system (Sec.
4.3.2). In both QD-DBMTJ systems, the magnetization of the left lead is fixed. In
collinear system, the magnetization of the right lead is either parallel or antiparallel
with respect to that of the left lead; while in noncollinear system, the magnetization of
the right lead has an arbitrary orientation θ ∈ [0, 2pi] w.r.t the magnetization of the left
lead. For both systems, we study the SDT in sequential tunneling regime (as introduced
in Sec. 4.1.2).
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Figure 4.5: (a)I-V characteristics for a QD system in the sequential tunneling regime,
for parallel (IP ) and antiparallel (IAP ) alignments of the leads’ magnetization. The The
blue (red) curves correspond to the model which assumes dual (single) QD energy levels
contributing to the tunneling transport. Other parameter values: λ = 0, η = 0, β = 1,
I0 = eΓ0/~, kBT = 0.3Γ0, p = 0.7, U = 40Γ0, ²0 = 10Γ0, Vb0 = 100Γ0/e.
4.3.1 Collinear system
For the QD-DBMTJ system of Fig. 4.4, in this subsection, we restrict our analysis to
lead magnetizations that are in collinear configurations, i.e., aligned either parallel or
antiparallel to one other [80,130–132].
A bias voltage of Vb is applied between the left and right leads of the QD-DBMTJ
system, i.e. µl = 0 and µr = −eVb. We assume the potential drop of Vb shared between
the two tunnel junctions depends on the coupling asymmetry of the two junctions, so
that ²e(h)=²e(h)0 − eVbβ/ (1 + β). For simplicity, the following symmetries are assumed
in our calculations: i) ²e0 = −²h0 = ²0, Ue = −Uh = U , and the spin-flip rate within
the QD is λeσ = λhσ = λ; ii) the two tunnel junctions have identical properties, i.e., the
polarization of each lead is pl = pr = p, the spin-flip rate during tunneling across each
junction is ηlσ = ηrσ = η, the density of states of each lead is ρl0 = ρr0 = ρ0, and 2pi
|tlσσ′ |2ρl0=2pi |trσσ′ |2ρr0=2pi |tσσ′ |2ρ0=Γ0.
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4.3.1.1 I-V characteristics and TMR
First, we compare the tunneling current and the TMR (obtained by the two energy level
QD model of Section 4.3) with those obtained based on the single energy level model.
Figure 4.5(a) shows the calculated I-V characteristics in the sequential tunneling regime,
corresponding to both models in the parallel and antiparallel magnetization configura-
tions. There are two distinct steps in the I-V curves of both models. The plateau
(where 0.2Vb0 < |Vb| < Vb0 ) between the first and second current steps corresponds to
single-occupied (SO) region where the QD can be occupied by most one electron or hole.
When the applied bias Vb is increased beyond the second step (Vb0 < |Vb| < 2Vb0), dou-
ble QD occupancy by two electrons or two holes of opposite spins becomes energetically
favorable, and this is referred to as the freely-occupied (FO) region. Although the two
I-V curves have similar profiles, there is an obvious difference in the magnitudes of the
tunneling current, especially in the parallel case. We find that the sequential tunneling
current calculated with the dual level model is larger than that obtained from the single
level model. This indicates that the contribution of a hole current, which is neglected
in the single level model, plays a significant role in the total tunneling transport. The
same amount of increase in SO and FO regions are observed for the tunneling current
in parallel case, however in antiparallel case, the increase in SO region is smaller .
Next, we consider the dependence of the TMR on Vb in the absence of spin-flip,
and compare the calculated results for the case where single and dual energy levels are
involved in the sequential tunneling transport. For both cases, the TMR is generally
higher for the range of Vb corresponding to SO region, as shown in Fig. 4.5(b). The
suppression of TMR when the QD is in FO region is understandable, given that the two
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Figure 4.6: Occupation probabilities as a function of bias voltage Vb for antiparallel
case (red and green lines) and parallel case (blue line) in the sequential tunneling regime.
The parameters are λ = 0, η = 0, other parameters are assumed as in Fig. 4.5.
electrons/holes of opposite spins will reduce the overall spin asymmetry of the system.
Additionally, we also find enhancement of the TMR for the dual energy level model,
where the contribution due to hole transport involving the highest occupied energy level
of the QD is considered. The increase in TMR is significant, i.e., by about 4% (3 %) in
the bias range corresponding to SO (FO) region.
4.3.1.2 Occupancies and spin accumulation in the QD
Besides the tunneling current and TMR, we investigate the QD’s occupation probability
and spin accumulation as a function of bias voltage Vb, for both parallel and antiparallel
configurations (see Figs. 4.6 and 4.7). The spin accumulation in the QD could be used
to generate a spin transfer torque and switch the magnetization of the QD [114,133], if
the QD is made of a dilute magnetic semiconductor material. A QD with a switchable
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Figure 4.7: Spin accumulation for electron (left)/hole (right) as a function of bias volt-
age Vb for parallel case (black line) and antiparallel case (colored line) in the sequential
tunneling regime, where η = 0, other parameters are assumed as in Fig. 4.5.
magnetization could potentially be used in a spin logic application [134,135], where the
binary data is encoded by the magnetization orientation of the QD.
We have assumed a symmetry between the LU and HO energy levels, i.e., ²e=−²h, so
that the probability of the single occupancy of the QD by a spin-up (down) electron (nσs)
is the same as that for a spin-down (up) hole (hσ¯s), i.e., nσs = hσ¯s, where nσs = nσ−n↑↓
and hσ¯s = hσ¯ − h↑↓, as shown in Figs. 4.6(a) and (b). We find that in the parallel case,
the occupation probability is independent of spin, i.e., n↑s = n↓s and h↑s = h↓s, so that
there is zero spin accumulation [see Figs. 4.7(a) and (b)]. Conversely, in the antiparallel
case, we obtain a large spin asymmetry in the QD occupancy, i.e., n↑s(h↓s)À n↓s(h↑s)
resulting in a significant spin accumulation in the QD, as shown in Figs. 4.7(a) and (b).
These results are understandable given that in the parallel configuration, the tunneling
resistance between the QD and the left and right leads are identical (Rξlσ = R
ξ
rσ). For
the antiparallel case, however, the incoming spin-up (down) electron encounters a much





r↓), thus leading to a high (low) occupation probabilities of n↑s and h↓s (n↓s
and h↑s).
114
INCOHERENT SPIN DEPENDENT TRANSPORT IN A QD BASED DBMTJ
SYSTEM
As expected, there is an appreciable drop in the probability of single electron/hole
occupancy [Figs. 4.6(a) and (b)] and a corresponding increase in double electron/hole
occupancy [Figs. 4.6(c) and (d)], when Vb exceeds the threshold for two electrons (holes)
to occupy ²e(h), i.e., when |Vb/2 − ²e| ≥ U . This is accompanied by a drop in the
magnitude of the spin accumulation, since the double occupancy states do not contribute
to the spin accumulation [Figs. 4.7(a) and (b)]. Moreover, the magnitude of the spin
accumulation is found to be very sensitive to the extent of spin-flip within the QD. As
shown in Figs. 4.7(a) and (b), even a moderate spin-flip rate of Γ = 0.1 can result in ∼
20% drop in the magnitude of spin accumulation for the range of Vb corresponding to
SO region. Meanwhile, the effect of spin-flip is found to be less pronounced (decrease of
∼ 15%) for the case of FO region. This is due to the presence of the coupling between
the two spin channels when the QD is doubly occupied with opposite spins, even in the
absence of any spin-flip.
4.3.1.3 Spin-flip effects
Now we analyze the spin-flips (SFs) associated tunneling in the sequential tunneling
regime. With the previous simplifying assumptions, the sequential tunneling current (in
unit of eΓ0/~) will depend only on the following parameters: temperature T , the interval
between the lowest unoccupied (LU) and highest occupied (HO) levels of the QD (2²0),
correlation energy U , applied bias voltage Vb, density of states ρ0, spin polarization of
leads p, spin-flip during tunneling a junction (SF-TJ) rate η and spin-flip within the QD
(SF-QD) rate λ.
Firstly, we study the combined effect of SF events on the tunneling current, from
both the SF-TJ and SF-QD (which are characterized by η and λ, respectively), as shown
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Figure 4.8: Combined SF effects on the tunneling current in the sequential tunneling
regime, for parallel (IP ) and antiparallel (IAP ) alignments of the leads’ magnetization,
in both bias voltage regions corresponding to the SO [(a) and (c)] and FO [(b) and (d)]
QD states. The SF-QD and SF-TJ λ (in unit of Γ0/~) and η, respectively. Parameter
values: Vb in (a) and (c) is 0.3Vb0 and that in (b) and (d) is 1.5Vb0. Other parameters
are taken to be the same as in Fig. 4.5.
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Figure 4.9: TMR as a function of either η or λ in SO (a) and FO (b) bias regions.
Other parameters are taken to be the same as in Fig. 4.5.
in Fig. 4.8. In the parallel case, we found that the presence of either SF-QD or SF-TJ has
no effect on the tunneling current regardless of the applied bias voltage [see Figs. 4.8(a)
and (b)]. This is consistent with the results obtained in in previous works [34, 78, 85]
which considered the two SF effects in isolation. For the antiparallel alignment [see Figs.
4.8(c) and (d)], the current monotonically increases with the increasing strength of SF-
QD, for both low and high Vb corresponding to singly occupied (SO) or freely occupied
(FO) states of the QD. For the SF-TJ effect, the antiparallel current also increases with
the SF probability η up to a critical value of η = 0.5. However, for η greater than 0.5,
the trend is reversed, i.e. the antiparallel current decreases with the increasing η. This
is due to the effect of SF-TJ on the spin accumulation in the QD. The effects of the two
SF mechanisms on the antiparallel current also result in a change in the TMR, which
will be addressed below.
Secondly, we investigate the effect of SF-QD and SF-TJ on the tunnel magnetore-
sistance (TMR) of the two-level QD device. As expected, the TMR decreases monoton-
ically with the increasing SF-QD rate λ in both the SO and FO bias regions, as shown
in Fig. 4.9 (red lines). The suppression of TMR due to SF-QD is greater in the low-bias
SO region than that in the high-bias FO region. This is because the spin asymmetry of
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the system is already reduced in the FO region due to the double occupancy of opposite
spins, so that any further reduction due to SF-QD will be limited.
For the case of SF-TJ with SF probability in the range of η ∈ [0, 0.5], it can be
observed that the reduction in TMR is generally greater than that due to SF-QD. The
larger suppression of TMR by SF-TJ occurs for both the SO and FO bias regions. How-
ever, for SF-TJ strength η exceeding 0.5, the presence of SF-TJ leads to a considerable
enhancement of the TMR. In fact, it can be shown that the SF-TJ effectively affect
the polarization of the current injected to the QD by a factor of (1− 2η). Thus the
TMR roughly has a quadratic dependence on η which is symmetrical about η = 0.5,
i.e., TMR ∝ (1 − 2η)2 (the explicit derivation is given in Appendix B). This SF-TJ
dependence of the TMR suggests that one needs to avoid the SF-TJ rate η = 0.5 for
TMR applications. Experimentally, one could control the SF-TJ rate by several means.
For instance, a small SF-TJ rate (i.e. η < 0.5) can be attained either by having a thin,
magnetic-impurity free [128] spacer layer between the lead and the QD, by shielding
any transverse magnetic fields near the interface, or by reducing the temperature. Con-
versely, a large SF-TJ rate (i.e. η > 0.5) can be attained by reversing the above factors,
and by inducing magnon excitation by means of antiferromagnetic oxide layers [99] in
the tunnel barriers. Whether one chooses to reduce or enhance the SF-TJ rate would
then depend on which route is easier to implement physically.
Thirdly, we study the combined effects of both SF mechanisms on the TMR [see
Figs. 4.10(a) and (b)]. In both SO and FO QD states, we observe that the TMR
dependence on the SF-QD effect is strongest at the extreme values of SF-TJ, i.e. when
the SF-TJ strength η approaches either 0 or 1. On the other hand, the TMR dependence
on the SF-TJ effect is strongest in the presence of weak SF-QD. The two SF effects act
118





























































Figure 4.10: Combined effects of SF-TJ (η) and SF-QD (λ) on TMR in the SO [(a)
and (c)] and FO [(b) and (d)] bias regions. In the contour plot of (c) and (d), the darker
colors represent lower TMR values. In (c) and (d), the dashed line shows the zero TMR
line, above (below) this line, TMR increases (decreases) with the increasing η. Other
parameters are taken to be the same as in Fig. 4.5.
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Figure 4.11: Bias voltage and angular dependence of (a) current and (b) TMR, where
λ = 0, η = 0, other parameters are assumed as in Fig. 4.5.
in tandem in suppressing the TMR when the SF-TJ strength η < 0.5. However, at
higher SF-TJ strength (η > 0.5), the two SF effects tend to counter-act each other, i.e.
an increasing SF-QD (SF-TJ) leads to a decrease (increase) of the TMR. Thus, while
the SF-QD effect invariably has a detrimental effect on the TMR, its influence can be
balanced by increasing the SF-TJ strength η beyond 0.5. Interestingly, at the critical
value of η = 0.5, the TMR always vanishes, and any variation of the SF-QD rate has
no effect on the TMR. It is also observed that the minimum TMR under variation of η
and λ is zero, which means the combined presence of the two SF mechanisms does not
give rise to a negative TMR.
4.3.2 Noncollinear system
In this section, we analyze the SDT properties through the noncollinear system shown
in Fig. 4.4, where the angle θ between the magnetization of the two leads varies from 0
to 2pi [136].
Firstly, we study the angular θ dependence of the I-Vb characteristic (Fig. 4.11(a))
and the TMR (Fig. 4.11(b)), in the absence of SF events (i.e. λ = 0 and η = 0). We
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find that the angular dependence of current is much higher in the SO region compared
to the FO region. For instance, in the SO region, the tunneling current is suppressed
by 90% when the lead magnetization switches from parallel (θ = 0) to perpendicular
(θ = pi/2) alignment. By contrast in the FO region, the corresponding reduction in
tunneling current is only about 20%. This difference between the angular dependence in
those two regions has not been seen in previous work [116], where single energy level QD
is considered. In our two energy level QD system, we attribute the smaller θ-dependence
in the FO region due to the possibility of spin mixing in the overall tunneling current
when the QD is doubly occupied, even in the absence of SF in the QD.
Similarly, we found that the angular dependence of TMR is greater in the SO region
than that in the FO region at small θ values (as shown in Fig. 4.11(b)). In the SO region,
there is a rapid variation of the TMR for the angular range 0 < θ < pi/2, followed by
a flat plateau in the TMR value extending over a wide range beyond θ = pi/2. On the
other hand, the TMR in FO region shows a more gradual change when θ is varied from
0 to pi. Thus, for example, a change in θ from pi/2 to 0, causes the TMR in the SO
region to decrease from 0.84 to 0; but results in a much smaller decrease of 0.2 to 0 in
the FO region.
In Fig. 4.12, we consider the effect of SF-QD on the tunneling current and TMR
for both SO and FO regions, for varied angle θ. We found that a finite SF-QD rate
(λ > 0) enhances the current for θ 6= 0 case, leading to a suppression of the TMR for
both SO and FO regions. Thus, in general, the angular dependence of current and TMR
is reduced by SF within the QD. It is also evident that TMR suppression by SF events
is stronger in the SO bias region compared to the FO region. This may be attributed
to the aforementioned spin mixing afforded by the multi-channel transport in the FO
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Figure 4.12: Angle dependence of current (a, b) and TMR (c, d) for various SF-QD
rate λ, in the single occupied and doubly occupied bias regions. Assumed parameter
values are:Vb = 0.8Vb0 in (a) and (c), Vb = 1.2Vb0 in (b) and (d), p = 0.9, the unit of λ
is Γ0/~, and other parameters are taken to be the same as in Fig. 4.11.
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region.
Finally, we study the dependence of the current and TMR on the intrinsic spin
polarization p of the leads, as shown in Fig. 4.13. We find that in contrast to the
effect of the SF-QD events, an increase in the lead polarization enhances the angular
dependence of current and TMR, especially in the SO bias range. Additionally, we find
that the TMR in both bias regions increases nonlinearly with p (Fig. 4.13(e)), with the
p dependence of TMR being greater as p increases (see Fig. 4.13(f)). Note that when
the p exceeds a value of ∼ 0.775, the differential change in TMR with p for FO region
exceeds that of the SO region. A similar trend in which the TMR dependence shows a
distinct change beyond a certain critical spin polarization value has also been noted in
Ref. [127]. Thus, to achieve maximum sensitivity, the operating bias conditions should
be set to the SO or FO regions, depending on whether the lead polarization p is smaller
or larger than this critical value.
4.4 Conclusion
We theoretically studied the incoherent SDT (sequential tunneling) through a two-
energy level QD-DBMTJ system, for the collinear and noncollinear lead magnetization
configuration. SDT models were established via the ME approach. Based on the SDT
models we built, we analyzed the SDT properties (such as the tunneling current, spin
accumulation, the electron and hole occupancies of the QD, and the TMR) of the QD-
DBMTJ system. Moreover, we looked into the effect of the lead’s polarization, the
noncollinearity of the two leads’ magnetization, and two types of SF events (SF-QD and
SF-TJ) on the SDT properties.
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Figure 4.13: Angular dependence of current (a, b) and TMR (c,d) for various p values.
Figs. 4.12 (e) and (f) plot the p dependence of TMR and differential TMR, respectively.
Assumed parameter values are: Vb = 0.8Vb0 for single occupied region, Vb = 1.2Vb0 for
doubly occupied region, λ = 0, while other parameter values are taken to be the same
as in Fig. 4.11.
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In Section 4.3.1, the SDT through the collinear QD-DBMTJ system was investigated.
It is found that in this collinear QD-DBMTJ system,
1. when both ²e and ²h are considered, the tunneling current as well as the TMR are
enhanced, compared with previous models which considered a single energy level;
2. the presence of both SF mechanisms only affects the tunneling current when the
leads are in the antiparallel configuration, where the current increases monoton-
ically with the increasing strength of SF-QD, resulting in a suppression of the
TMR. This increase in the antiparallel current occurs for both low and high bias
regions corresponding to SO and FO QD states, respectively. At higher probabil-
ity of SF-TJ (denoted by η), the increase in the antiparallel current and resulting
suppression of TMR is more pronounced for high bias corresponding to the FO
state. The TMR suppression occurs for the SF-TJ probability within the range of
0 ≤ η ≤ 0.5, and reaches a maximum at η = 0.5 where TMR vanishes completely.
At higher SF-TJ probability of 0.5 ≤ η ≤ 1, the trend in the antiparallel current
is reversed, leading to an enhancement of the TMR. Overall, the η-dependence
of the TMR is symmetric about η = 0.5 and roughly proportional to (1 − 2η)2.
In the presence of both SF mechanisms, it was found that SF-QD has a stronger
suppressive effect on the TMR compared to SF-TJ.
Subsequent to our study of the collinear QD-DBMTJ systems, the QD-DBMTJ sys-
tem with the magnetization of the two leads in noncollinear configuration is investigated
in Section 4.3.2. For this noncollinear QD-DBMTJ system, we analyzed the bias, an-
gular and lead polarization dependence of the tunneling current and TMR. The results
are consistent with experimental results [36,81]. We found that,
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1. the angular (θ) dependence of the current and TMR is found to be stronger when
the QD is singly occupied by an electron or hole;
2. an increase in the lead polarization enhances the angular dependence by suppress-
ing the tunneling current in θ 6= 0 case;
3. an increase in the SF-QD, reduces the angular dependence due to the enhancement
of tunneling current in θ 6= 0 case;
4. the TMR exhibits a nonlinear increase with the lead polarization in both SO
and FO regions. The TMR increase is steeper for the FO region when the lead
polarization exceeds a certain critical value, a result which has implications for
future experimental works on QD-based spin devices.
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CHAPTER 5
Spin dependent transport in a nanoscale SET system
5.1 Introduction
In Chapters 3 and 4, we study the SDT through the quantized energy level in semicon-
ductor QD which is coupled via tunneling junctions with the two leads. In this chapter,
we focus on the SDT through single electron transistors (SETs), where a metal nanoscale
island with continuous energy spectrum is sandwiched between source and drain, and
the island’s chemical potential is modulated by a gate. The SDT through these SETs
has attracted extensive interest in the past decade, due to their potential application in
future low-power and high-density memory and logic devices [101–103, 137–141]. More
recently, SETs with ferromagnetic leads have been proposed [142–144] and experimen-
tally realized [145,146], in which the SET effect occurs in combination with SDT.
In SETs, the main transport mechanism is via correlated single electron tunneling
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Figure 5.1: Schematic diagram of the FM-SET system. The arrows denote the mag-
netization direction of the FM source and drain electrodes, while V (Vg) is the applied
source-drain (gate) bias.
involving sequential tunnel events. However, below a certain threshold voltage (Vth), i.e.
within the Coulomb blockade (CB) region, sequential tunneling becomes energetically
unfavorable. This is because the charging energy of one electron in the metal island
exceeds the Fermi energy of the leads. However, higher order cotunneling process is still
energetically favorable, since the tunneling electron can exist in a virtual state on the
metal island.
The cotunneling process constitutes a major source of leakage current in a SET
in the CB region [140, 145]. The need to suppress cotunneling current has motivated
considerable research interest in investigating the cotunneling process in recent years
[103,137–141,147–150]. It has been proposed that the suppression of cotunneling current
could be achieved by either using a multiple metal island chain [138], by introducing a
granulated metal film island [141], or by increasing the tunnel resistance and choosing
a optimum ratio of the two tunnel resistances [148]. However, these methods may
either result in an increased complexity of the SET circuit, a reduced reproducibility
in its operation, or an undesired suppression of the sequential tunneling current in the
conducting state of the SET.
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In this chapter, we consider a ferromagnetic single electron transistor (FM-SET)
consisting of a metal island weakly coupled to FM source and drain, and a gate electrode
(as illustrated in Fig. 5.1).
One of the objectives of our study is to utilize the interplay between single electron
tunneling (sequential and cotunneling processes) and SDT, for possible suppression of
the cotunneling tunneling relative to the sequential tunneling contribution. We consider
the case of collinear configuration of the FM source and drain, i.e., the magnetizations
are either parallel or antiparallel to one another.
The other objective is to investigate the TMR effect in this FM-SET and the spin-flip
(SF) effect on it. The TMR effect exists due to the nonzero spin polarization of the FM
source and drain in this FM-SET. In both sequential tunneling and cotunneling regimes,
the TMR might be affected by the SFs, which may occur either for electrons within the
metal island, or during tunneling between the metal island and the electrode. Although
the intra-island SF effects on TMR have been theoretically studied by Weymann et al in
Ref. [151], this was done at a fixed bias voltage. Hence, the effects of intra-island SFs on
the TMR in the voltage regimes corresponding to cotunneling and sequential tunneling
have not been systematically investigated. Besides, the SF probability during tunneling
across the junction has not been incorporated into the transport model systematically.
The structure of the chapter is as follows. In Sec. 5.2, we present the theoretical
model to study the SDT through the FM-SET system, both in the sequential tunneling
and cotunneling regimes. The sequential tunneling current is calculated based on the
orthodox rate formula and the master equation (ME) approach, while the cotunneling
contribution is obtained by applying the well-established approximation of Jensen et al.
[150], which has the advantage of eliminating the unphysical divergences in cotunneling
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current at the threshold voltage. In both tunneling current calculation, we systematically
incorporate the intra-island SF and the tunneling SF probability. In Sec. 5.3, we
investigate the SDT properties in this FM-SET system, such as the I−V characteristics
and TMR, in both the cotunneling and sequential tunneling regimes. The dependence
of those SDT properties on the spin polarization of the leads, the intra-island SF events
and the tunneling SF events are analyzed intensively. Based on the analysis, a method
is proposed to suppress the cotunneling current without reducing the magnitude of
the sequential tunneling current. Finally, the main results of the chapter are briefly
summarized.
5.2 Theory
5.2.1 Tunneling current in sequential tunneling regime
The tunneling current through this FM-SET system is computed by using a ME, which




(Γji − Γij), (5.1)
where Γij(i 6= j) is the state transition rate for the metal island’s state changing from
state Si to state Sj , Pi(i = 1, 2, ...) is the probability corresponding to the metal island
being state “Si”, and Pi sums to unity:
ΣiPi = 1. (5.2)
For the FM-SET system of Fig. 5.1, we assume the bias voltage Vb is within the
range under which the metal island could be occupied by at most one electron or one
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hole, with up or down spin. Within this bias range, there are in total five occupancy
states of the metal island, i.e., i) one excess up-spin hole S1 = (↑¯), ii) one excess down-
spin hole S2 = (↓¯), iii) neutral state with no excess electrons or holes S3 = (0), iv) one
excess up-spin electron S4 = (↑), and v) one excess down-spin electron S5 = (↓). The
detailed ME of Eq. (5.1) is then represented as follows:




































where “ni” is the number of excess electrons when the metal island is in the state Si,
i.e. n1 = −1, n2 = −1, n3 = 0, n4 = 1 and n5 = 1, respectively. “Γ−σ(ni)” (“Γ+σ(ni)”)
describes the tunneling event in which an electron with spin “σ” leaves from (arrives at)
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where ησα is the tunneling SF probability for an spin “σ” electron from the αth electrode
(metal island) to spin “σ¯” state in the metal island (αth electrode), Γ+σα (ni) is the
tunneling rate of a spin “σ” electron leaving the αth electrode to the metal island,
Γ−σα (ni) is the tunneling rate of a spin “σ” electron arriving the αth electrode from
the metal island, Γσe (Γ
σ
h) is the intra-island SF rate for electrons (holes) with spin “σ”
to spin “σ¯”, with σ =↑ (↓) for spin-up (down). The tunneling rates Γ±σα (ni) can be
obtained by treating the tunneling process as a first-order perturbation and applying
Fermi’s golden rule. This leads to the so-called “orthodox” single-electron tunneling





where kB is the Boltzmann’s constant, T is the temperature, and “∆E+α(ni)” (“∆E−α(ni)”)
stands for the tunneling energy for the electron with spin “σ” leaving (arriving) the elec-
trode “α”, by tunneling into (out from) the metal island while the metal island is initially
in ith state. We apply the constant interaction or capacitor model, in which we make
the simplifying assumption that the kinetic energy of the metal island is assumed to be
independent of the number of electrons in the island. This constant interaction model
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has been widely adopted for the case of metallic islands [44], where the number of ad-
ditional charges are small compared to the total number of electrons in the island. The
many-body Coulomb interaction term in the Hamiltonian can then be simplified to a
term E(ni), which depends only on the number of charges ni on the metal island. The



































where e is the elementary charge for an electron, Cl and Cr are the capacitances of
left junction and right junction, respectively, with C = Cl + Cr + Cg being the total
capacitance of the metal island, and Vb is the bias voltage. The tunneling resistance for
the spin “σ” electron arriving or leaving the electrode “α” is denoted by “Rσtα” [153],
which is given in form of:
Rσtα =
~
2pie2|t|2ραρd (1− ασpα), (5.12)
where t represents the tunneling between the metal island and lead states, and is assumed
to be independent of spin and junction, and constant over the energy range considered.
ρα (ρd) denotes the density of states for the electrons in the lead α (metal island), with
ρα = (ρσα + ρ
σ¯
α) /2, pα = |ρσα − ρσ¯α|/(ρσα + ρσ¯α) is the intrinsic spin polarization of the
FM lead α, ρσα = [1 + (−1)σ+apα]ρα, the superscript σ =0(1) for up (down) electrons,
a = 0 for the left electrode, and a = 0(1) for the right electrode for parallel (antiparallel)
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magnetization configuration of the two FM electrodes.
At equilibrium, dPi/dt = 0 in Eqs. (5.3) to (5.7), and the state probability Pi could
be obtained by solving the resulting array of linear equations. The equilibrium Pi will
be a function of the various tunneling rates Γ±σα (ni), the intra-island SF rates Γσe and
Γσh, and the tunneling SF rate η
σ
α. The sequential tunneling current across the FM-
SET system is then given by the net tunneling rate across the left junction, taking into
account the contributions for all the metal island states Si which are weighted by their






(1− ησl ) Γ−σl (ni) + ησl Γ−σ¯l (ni) − (1− ησl ) Γ+σl (ni)− ησ¯l Γ+σ¯l (ni)
]
, (5.13)
where “Γ±σl (ni)” is the tunneling rate given in Eq. (5.10) in which α = l.
5.2.2 Tunneling current in cotunneling regime
In the cotunneling regime, due to the low bias voltage, the sequential electron tunneling
is suppressed by the single electron charging energy. In this regime, the main tunneling
process is the higher order tunneling process, i.e., the cotunneling process [139]. In a
cotunneling process, the electron tunnels through the FM-SET system (i.e., from left
electrode to right electrode), via a virtual state in the metal island. We will focus on the
inelastic cotunneling process, where an electron tunnels from the left electrode (drain) to
the metal island, while another electron in the metal island tunnels to the right electrode
(source). In metallic islands, the inelastic cotunneling is much more significant than the
elastic cotunneling process [44], which involves electron tunneling into and out of the
metal island at the same energy level in a single coherent process.
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Since the inelastic cotunneling process leaves the state Si of the metal island un-
changed, the net cotunneling current can be evaluated by considering the same state













Γ σ(ni)) is the inelastic cotunneling rate for an electron tunneling from
left (right) electrode to right (left) electrode when the metal island is in Si state. The
inelastic cotunneling rate can be obtained by considering the second-order perturbation
term in the tunneling Hamiltonian [139], and applying a well-established approximation
[150] to remove unphysical divergences which occur at the degeneracy points [140]. The











In the above, the tunneling resistance Rσtα takes the same form as that in Eq.(5.12), and
−→←−
























E l(ni) = ∆E+l (ni), ∆
←−
E l(ni) = ∆E−l (ni), ∆
−→
E r(ni) = ∆E−l (ni), and ∆
←−
E r(ni) =
∆E+l (ni), in which ∆E
±
α (ni) takes the same definition in Eqs. (5.11a) and (5.11b). ∆
−→←−
E t
is the total energy change of the tunneling electron from the initial to the final state
after both cotunneling steps, i.e., ∆
−→
E t = −eV (∆←−E t = eV ) for the electron tunneling
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from left (right) electrode to right (left) electrode. Finally,
−→←−
F in Eq. (5.15) is given by
−→←−
F =












In both the sequential tunneling and cotunneling regimes, the magnetization of the left
electrode in the FM-SET system is assumed to be fixed and is set as the reference
direction (RD), while that of the right electrode is switchable between either parallel
or antiparallel alignment w.r.t. to the RD. In this collinear configuration, the tunnel-
ing magnetoresistance (TMR) is given by the difference in the total resistance for the








where the tunneling current is obtained via Eq. (5.13) for the sequential tunneling
process, and via Eq. (5.14) for the cotunneling process, respectively.
5.3 Results and discussion
Based on the above equations, we numerically calculate the tunneling current and the
TMR in the FM-SET system for both the sequential tunneling and cotunneling regimes.
We focus specifically on the effects of the polarization of the two FM electrodes and
the SF events [154, 155]. In our calculations, we make the following assumptions, i)
symmetric left and right FM electrodes, i.e., pl = pr = p, Rtl = Rtr = Rt, where pα
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Rσtα = Rtα[1 + (−1)a+σpα], ii) intra-island SF rates are charge and spin independent,
i.e., Γσh = Γ
σ
e = λ, and iii) tunneling SF probability in the contact between the metal




5.3.1 Spin polarization effect
Firstly, we investigated the I-V characteristics of the FM-SET system shown in Fig. 5.1.
The calculated sequential tunneling and cotunneling currents are plotted as a function
of source-drain bias (I − V ) and gate voltage (I − Vg) in Figs. 5.2(a) to (d), for both
parallel and antiparallel alignments of the two FM electrodes’ magnetization. In the
Coulomb blockade (CB) regime of both alignments, there is a small but significant
cotunneling contribution (denoted by red line), especially near the threshold voltage
for sequential tunneling. This cotunneling current is the main source of the leakage
current in a SET. Both sequential tunneling and cotunneling currents are found to be
suppressed in antiparallel case, reflecting the higher overall tunneling resistance when the
FM electrodes are in antiparallel alignment. However, the decrease is proportionately
greater for cotunneling, so that the relative contribution of cotunneling current is smaller
in the antiparallel case.
Next, we analyze the effects of spin-related phenomena on the tunneling current
in the SET, namely the intrinsic spin polarization p of the two FM electrodes (source
and drain), and the extent of intra-island SF (represented by SF rate λ). We chose
the antiparallel alignment, since this case has the desired property of having a lower
cotunneling contribution as discussed above. We find that both sequential tunneling
and cotunneling currents show a monotonic decrease with increasing p, as shown in
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Figure 5.2: (a, b): I-V characteristics, (c, d): I-Vg characteristics, for parallel (IP ) and
antiparallel (IAP ) cases. Solid (dashed) line represents the sequential tunneling (both
the sequential tunneling and cotunneling) current component. Other parameters are:
V0 = Vg0 = 8 mV, I0 = 6.4 × 10−7A, λ0 = 2 × 1010s−1, Rt = 2.5 MΩ, p = 0.7, λ = 0,
η = 0, Vth = 0.22V0, Vg = 0 mV in (a) and (b), while V = 0.18V0 in (c) and (d).
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Figure 5.3: (a),(b): Current as a function of source/drain polarization p in the (a)
sequential tunneling regime and (b) cotunneling regime; (c),(d): I-Vg for various (c) p
values and (d) intra-island spin-flip rates λ. Parameter values: Vg = 0.4 Vg0 in (a), Vg
= 0 mV in (b), λ = 0 in (c), p = 0.9 in (d), V = 0.18V0, other parameters are the same
as in Fig. 5.2.
Figs. 5.2(a) to 5.2(c). The decrease of cotunneling current is found to be more pro-
nounced. For instance, when the polarization increases from 0 to 0.95, the cotunneling
current is reduced by about 90%, compared to a corresponding reduction of only 43%
for sequential tunneling current. This is chiefly due to the quadratic dependence of the
cotunneling current on the tunneling conductance as opposed to the linear dependence
for the sequential tunneling current.
Finally, we investigate the suppression of the relative cotunneling contribution at
high lead polarization p in the presence of intra-island SF process [see Fig. 5.3(d)].
As shown by Fig. 5.3(d), we find that intra-island SF effects can lead to a substantial
increase in the sequential tunneling, while the cotunneling current is hardly changed as
the intra-island SF rate λ is varied. This effect may be explained by the different mech-
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anisms which occur for sequential tunneling and cotunneling. In a sequential tunneling
process, an electron tunnels from one FM electrode to the metal island, and resides on
the metal island for a certain time duration (or retention time) before tunneling out.
Thus, there is finite probability of a intra-island SF occurring during the sequential tun-
neling, which depends on the ratio between the intra-island SF and retention times [142].
However, in the cotunneling process, the electron undergoes coherent tunneling through
both junctions via a virtual state on the metal island [101, 156]. Hence, there is neg-
ligible intra-island SF probability, and thus the intra-island SF rate λ has virtually no
effect in the cotunneling regime of the FM-SET system. From the application aspect,
one can utilize the intra-island SF process to enhance the sequential tunneling current
in the FM-SET relative to the undesired cotunneling component.
5.3.2 Spin-flip effects
In this section, we analyze the effects of the two types of SF (intra-island SF and
tunneling SF events within the junction) events on the tunneling current through the
FM-SET system, for both parallel and antiparallel magnetization alignments of the two
FM electrodes’ magnetization. As shown by Figs. 5.5(a) and (b), neither the SF events
within the island (denoted by λ), nor in the junction (denoted by η) has any effect on
the sequential tunneling current in the parallel case. By contrast, in the antiparallel
configuration, the sequential tunneling current is enhanced by both the intra-island SF
events (Fig. 5.4(c)), and the tunneling SF event when η < 0.5 (Fig. 5.4(d)). However,
when the tunneling SF probability exceeds 0.5, the sequential tunneling current gets
suppressed by the increasing η. Besides, in both parallel and antiparallel alignments,
the cotunneling current remains unaffected by either SF event.
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Figure 5.4: (a)(b)/(c)(d): Tunneling current in parallel (IP ) and antiparallel (IAP )
cases, respectively, as a function of bias voltage Vb, with varied intra-island spin-flip
rate λ and tunneling spin-flip probability η. Parameters are: η = 0 in (a) and (c), λ = 0

































Figure 5.5: (a) Tunnel magnetoresistance (TMR) as a function of bias voltage Vb
applied between the left and right electrodes, with increasing intra-island spin-flip rate Γ,
with η = 0; (b): TMR as a function of Vb, with increasing tunneling spin-flip probability
η, with Γ = 0. Other parameters are the same as in Fig. 5.4.
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Next, we plot the TMR of the FM-SET system, as a function of the bias voltage Vb
applied to the system, for varying intra-island SF rate λ (shown in Fig. 5.5(a)), and
for varying tunneling SF probability η (shown in Fig. 5.5(b)), respectively. Firstly, as
revealed by Fig. 5.5, the TMR is much greater in the cotunneling regime below the volt-
age threshold, a result which is in agreement with the experimental results obtained for
a Co/Al island/Co system [157]. Secondly, the TMR is found to be virtually indepen-
dent of either the intra-island SF events or the tunneling SF events. In the cotunneling
regime, transport across the system occurs primarily via the cotunneling process, while
sequential single tunneling is exponentially suppressed. Cotunneling involves the coher-
ent tunneling of electron from the left electrode to the right electrode, via a virtual state
in the island. We assume that the final state of the tunneling electron is the same as the
original state of the electron during the cotunneling process. SFs in the island can be
neglected as the virtual state on the island exists for a very short time duration. Based
on these assumptions, the cotunneling rate
−→←−
Γ σ(ni) in Eq. (5.15) is independent of both
SF parameters. However, the cotunneling current, given by Eq. (5.14), is dependent
on the SF parameters. This is because it is a function of both the state probability Pi
and the cotunneling rate
−→←−
Γ σ(ni). As can be seen by considering Eqs. (5.3)-(5.7), the
state probability Pi is affected by the SF in the island and the SF during sequential
tunneling across the junction between electrodes and the metal island. Overall, the
dependence of the cotunneling current on the SF is weak, due to the small contribution
from sequential tunneling in the subthreshold regime. Hence, the TMR in cotunneling
regime is virtually unaffected by either SF processes, as shown in Figs. 5.5(a) to (d).
Secondly, in the sequential tunneling regime (as shown in Fig. 5.5), there is a
monotonic decrease in TMR with increasing intra-island SF (denoted by Γ). For the
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low tunneling SF probability (0 ≤ η ≤ 0.5), the TMR steadily decreases with increasing
η and reaches a minimum at η = 0.5. When η exceeds 0.5, the trend in TMR is
reversed, i.e. it is actually enhanced by increasing the tunneling SF probability. These
different dependence of the TMR on the strength of tunneling SF η can be accounted
for by considering the fact that a finite SF probability modifies the lead density of
states to ρσα
′ = (1 − ησα)ρσα + ησ¯αρσ¯α. Assuming that the SF parameter is lead- and spin-
independent, i.e., η↑α = η↓α = η , the resulting effective lead polarization is then given
by p′ = (1 − 2η)p, where p is the initial polarization of the FM electrodes without
tunneling SF events. When η = 0.5, the asymmetry of the two spin current channels for
sequential tunneling is removed even in the presence of the FM electrodes, causing a zero
effective polarizations of the FM electrodes, and thus resulting in virtually zero TMR.
The maximum spin asymmetry occurs at the extreme values of η = 0 or 1, and hence
the TMR reaches a maximum at these values, and its dependence on η is symmetric
about η = 0.5.
5.4 Conclusion
In conclusion, we have studied the SDT through a single electron transistor (SET),
where both the source and drain electrodes are ferromagnetic(FM).
We studied the interplay between the FM electrodes’ polarization and the intra-island
SF effects on the SDT through the FM-SET system, for either parallel or antiparallel
alignment of the source/drain magnetization. We found that in the antiparallel case the
cotunneling current is more strongly suppressed relative to the sequential component
when the FM electrodes’ polarization is increased. Additionally, the sequential tunneling
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current shows a significant increase when the intra-island SF rate is enhanced. We thus
found that by optimizing the spin-related properties of a FM-SET system, i.e. by
the choice of FM electrodes with high spin polarization, and by inducing high intra-
island SF probability with spin-orbit coupling or magnetic impurities, one can achieve a
suppression of the cotunneling current relative to sequential tunneling in the FM-SET
system. The utilization of these spin phenomena holds a distinct advantage over existing
means of suppressing cotunneling, e.g. by means of a multi-junction SET [138,141]. The
latter suffers from a lack of control and reproducibility inherent in the fabrication of
multiple nanoscale junctions, as well as an excessively high resistance in the ’ON’ state.
Besides, we study the SDT of the FM-SET system in the presence of two SF mech-
anisms, i.e. SF within the metal island, and SF during tunneling between the metal
island and the electrodes. Our calculations show that the presence of either type of
SF has virtually no effect on the TMR at sub-threshold bias (i.e. in the cotunneling
regime). In the sequential tunneling regime, the occurrence of intra-island SF and weak
tunneling SF (η < 0.5) suppresses the TMR. However, when the tunneling SF proba-
bility η exceeds 0.5, the TMR is actually enhanced with a further increase in tunneling
SF. This counter-intuitive trend may be accounted for by considering the asymmetry of
the two spin channels.
These analytical studies we have done are expected to provide theoretical bases for
the study of a FM-SET system.
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CHAPTER 6
Conclusion and future work
In this chapter, the main results of the research that has been presented in this thesis
are briefly summarized, followed by the possible directions of future work.
6.1 Conclusion
In this thesis, we have theoretically studied the spin dependent transport (SDT) through
nano-scale spintronic devices, such as the current-in-plan spin valve (CIP-SV), the quan-
tum dot system which consists of double tunnel junctions (QD-DTJs), and the ferro-
magnetic single electron transistor (FM-SET).
Firstly, in Chapter 2, we studied the macroscopic SDT of electrons in a trilayer
Fe/Cr/Fe CIP-SV. For this pseudo CIP-SV, a theoretical model is proposed to ana-
lyze both bulk and interfacial spin depolarization effects on the giant magnetoresistance
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(GMR) [55]. The model is based on the spin coupled Boltzmann transport equations,
where the momentum and spin relaxation arising from spin-flip (SF) and non-spin-flip
scattering are considered. In the boundary conditions, we include the parameter which
denotes the interfacial SF probability, while bulk spin depolarization is characterized
by the ratio of SF to non-SF scattering times in each layer. We calculated the current
for parallel and antiparallel alignments of the magnetization of the two Fe layers, and
deduced the GMR. A decreasing trend in MR is observed with an increase in either
interfacial SF probability or bulk spin depolarization, with the dependence on inter-
facial SF probability being more pronounced. We also studied the combined effect of
interfacial diffusive scattering and SF scattering. We found that although diffusive scat-
tering generally results in an improvement in GMR, this is more like offset by the MR
suppression effect arising from SF scattering.
As the dimension of the spintronic devices becomes smaller and smaller, the SDT
through mesoscopic structures like QDs becomes a top of interest among researchers.
The promise of reducing device size and power consumption, and the possibilities of
novel types of spintronic devices, are the primary reason why QD systems are drawing
more attentions, both from the theoretical and experimental aspects. In Chapters 3 and
4, we discussed about the SDT through QDs, which are made of either diluted magnetic
semiconductors or coupled to FM leads.
In Chapter 3, we focused on the coherent SDT through QDs systems which have
double tunnel junctions (QD-DTJs), as follows:
1. In Section 3.2 of this chapter, we show the effect of the SFs and coupling asymmetry
(CA) on the SDT properties through the QD-DTJ spintronic device where the QD
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is sandwiched between two FM leads [86, 130]. The SF might occur either during
tunneling across the junction between the QD and each lead, or within the QD
itself. The CA is the asymmetry between the coupling strength of the left tunnel
junction and that of the right tunnel junction. A SDT model is established for
this QD-DTJ system, systematically incorporating the effects of both types of SFs
and the CA. The SDT model is built up based on the the Keldysh nonequilibrium
Green’s function (NEGF) approach. Subsequently, we investigate how the density
of states (DOS) of the QD, the parallel and antiparallel tunneling current, and the
tunnel magnetoresistance (TMR) are affected by either the SF or the CA. Based
on our analysis, we propose how the TMR can be optimized in this QD-DTJ
spintronic device, which has promising applications in sensing or data storage.
2. In Section 3.3, we theoretically study the SDT through a QD based spintronic
device which is able to generate a fully polarized current. The spin polarized
current is important in the application of quantum computing. This QD system is
a three terminal device, where a QD is coupled to two non-magnetic (NM) leads,
and attached to a FM gate. Due to the spatially localized magnetic filed provided
by the FM gate, a Zeeman splitting (ZS) occurs for the QD’s lowest unoccupied
energy level under consideration. A SDT model is then constructed via the NEGF
formulism for this QD system. The results for the I−V characteristics of the spin
current confirmed the generation of a fully spin polarized current. A method of
switching the polarization of the current by applying a gate voltage on the FM
gate is proposed and confirmed by simulation.
3. The diluted magnetic semiconductor quantum dot (DMSQD) might also play a
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role in the spintronic devices due to it magnetic property. In Section 3.4, we study
the SDT through the DMSQD spintronic device where a DMSQD is coupled via
magnetic tunnel junctions (MTJs) to two FM electrodes. The magnetization of
the DMSQD is of arbitrary angle relative to the two FM electrodes’ magnetiza-
tion, which are set to be parallel to each other. We are interested in the effect
of this noncollinearly on the SDT properties through this DMSQD system, such
as the tunneling charge and spin currents, and the TMR. The tunneling current
formula is obtained and expressed in form of the MTJ’s coupling strength and
the QD’s Green’s functions, which are systematically solved via the equation of
motion (EOM) array. Based on the tunneling current formula, the noncollinearity
dependence of the TMR is then analyzed. Our calculation reveals that the op-
timum region of the bias voltage under which both the TMR and the tunneling
current are considerable.
In Chapter 4, we performed an in-depth study of the incoherent SDT through the
semiconductor QD which is coupled to two adjacent FM leads via double magnetic
tunnel junctions (QD-DBMTJs). The SDT under consideration are of the electrons’
tunneling via the lowest unoccupied (LU) energy level and the highest occupied (HO)
energy level of the QD. Both the electron and hole contributions of the tunneling are
systematically incorporated into the SDT model. The SDT model is calculated based
on the ME approach for the sequential tunneling regime, where the Fermi energy in
the lead exceeds the charging energy of one electron in the QD, such that electrons will
tunnel through the two MTJs one by one in a correlated manner. In the sequential
tunneling regime, the occupancies and spin accumulation for both electrons and holes
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in the QD, the I − V characteristics, and the TMR in this QD-DBMTJ system are
investigated, with the individual or combined effects from both the device properties
(such as the polarization of the FM lead and the alignment of the magnetization of the
two FM leads) or the events occurring during the tunneling process (such as the SF
within the QD or the SF during tunneling across the junction between the QD and the
lead). Those results help one to theoretically understand the SDT through QD-DBMTJ
spintronc device better, and provide references for the experimental optimization the
TMR in this type of nanoscale spintronic device.
The above spin valves (SVs) and magnetic tunnel junctions (MTJs), which are stud-
ied in Chapters 2-4, have great application in data storage; while the single electron
transistor (SET), which was discussed later in Chapter 5, might play an important role
in information processing. In Chapter 5, the SDT through the SET is explored with
the appearance of the FM source and drain. The SDT in both sequential tunneling
and cotunneling regimes are modeled, by the use of capacitance model and ME method.
Based on the SET model that we established, we analyzed the I − V and I − Vg char-
acteristics for the parallel and antiparallel alignment of the magnetization of the source
and drain, and for both cotunneling regime and sequential tunneling regime. We also
investigated the interplay between the effects of the polarization of the FM electrodes
and the SF during tunneling the junction between the central metal island. These stud-
ies reveal that it is possible to suppress the cotunneling current, which is undesirable
and considered as a leakage current in the operation of the SET. It is shown that when
the magnetizations of the source and drain are set to be antiparallel to each other, the
cotunneling current can be suppressed by having electrodes with high spin polarizations
and inducing intra-island SF events. This suppression method has the advantage of not
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reducing the sequential current and not requiring a complicated device structure, unlike
other methods which are previously proposed.
In conclusion, the studies that have been done in this thesis covers the SDT through
nano-scale spintronic devices, such as CIP-SV, QD based MTJs, and FM-SET. For these
spintronic devices, the SDT models are theoretically established, based on the Boltz-
mann equation method, the Keldysh NEGF formulism and the ME approach. These
SDT models systematically integrate the electron transport, the electron-electron inter-
actions, the devices properties (such as the spin polarization of materials, the coupling
asymmetry of the junctions and the noncollinearity of the magnetization alignment),
and the spin depolarization effects. Detailed analysis and discussions were done for the
SDT properties (such as the I − V characteristics and MR) and their dependence on
various devices parameters. Based on those results, possible methods are proposed to
enhance the MR of magnetoresistive spintronic devices, to generate fully spin polarized
current by utilizing the combined effect from SDT and single electron tunneling, and to
reduce the leakage current in a SET by SDT. These theoretical proposals are expected
to serve as references for future theoretical and experimental studies in SVs, QD based
MTJs, and SETs.
6.2 Suggestions for future work
6.2.1 Study of spin transfer torque through DMSQD system
In Sec. 3.4, we theoretically studied the SDT through a DMSQD system, where a
DMSQD was coupled to two FM electrodes. The charge current, spin current and TMR
were analyzed. Besides these SDT properties, another interesting SDT phenomena is
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the current-induced spin transfer torque (CISTT). The CISTT [60] in this DMSQD
system occurs in the DMSQD. The CISTT here is caused by the spin accumulation
in the QD and the noncollinearity between the magnetization of the QD and the FM
electrodes. The spin polarized current injected from the FM electrode can transfer
angular momentum to the magnetization of the DMSQD. When the current exceeds a
threshold value, the CISTT can switch the magnetic states of DMSQD. The CISTT
serves as a new means to excite the dynamics of magnetic moments in ferromagnetic
nano-structures and provides a mechanism for a current-controlled magnetic memory
element [158,159].
6.2.2 Spin dependent transport through graphene
Apart from the nanoscale spintronic devices we have studied, we expect to study the
SDT in graphene with the help of the general Keldysh nonequilibrium Green’s function
(NEGF) approach, and subsequently to propose novel types of graphene based spintronic
devices in the future.
Research into graphene is a rapidly expanding field, and much research attention
has been drawn to it due to its overwhelming advantages [160,161]. For instance, it can
be very thin yet very strong. Its charge carriers have zero effective mass with a very
high intrinsic mobility at room temperature. It can sustain a current density whose
magnitude is as large as six orders of magnitude higher as that in copper. The electron
transport in graphene is described by a Dirac-like equation, which makes it possible for
relativistic quantum phenomena to be investigated experimentally.
Graphene has great potential in the application of both nanelectronics [162] and
nanospintronics, since it represents a new class of materials which consists of only one
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layer of carbon atoms. On one hand, in the field of electronics, it has been shown that
a nanoscale single-electron transistor (SET) can be experimentally realized [163], whose
size is as small as 30 nm. In this SET, the energy states are discrete and the motion
of the single electron can be controlled. On the other hand, graphene has been shown
promising from the point view of nanospintronics as well, e.g., the high spin injection
through graphene nanostructures [164], the spin-pumping in graphene transistors [165],
the perfect spin filter effect in graphene [166], the high GMR in the graphene based
spin valves [167], the half-metallic graphene material [168], and the emerging of the
magnetism in graphene based materials [169].
6.2.3 Spin dependent transport through topological insulator
Another interesting system is the “topological insulator” (TI). TIs are insulators in
the bulk but sustain metallic energy states on their edges or surfaces. The surface
states are topologically protected against scattering by non-magnetic impurities due to
time-reversal symmetry, which make TIs promising candidates for the application of TI
systems in fault-tolerant quantum computing applications [170]. In the future, we might
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APPENDIX A
Current in the DMSQD system
The tunneling current is derived here for the ferromagnetic lead/ diluted magnetic semi-
conductor quantum dot/ ferromagnetic lead (FM/DMSQD/FM) system whose Hamil-
tonian is given in Eqs. (3.38)-(3.41), Section 3.4 of Chapter 3.
























Secondly, by substituting the Hamiltonian of Eq. (3.38) in to the above Eq. A.1,
one may have the tunneling current through the junction between the left lead and the
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QD, i.e.,
IL= ie~ 〈[H,N ]〉
= ie~ 〈[HL +Hd +HtL, N ]〉
= ie~ 〈[HL, N ] + [Hd, N ] + [HtL, N ]〉
, (A.2)
in which






〉 = 0, (A.3)
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and





















































































































































































tLkσ, ifσ′ = σ
−σsinθ
2
tLkσ, ifσ′ = σ¯
, (A.6)
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One may now substitute Eqs. (A.3), (A.4) and (A.7) to Eq. A.2 to get the tunneling









dσ′,Lkσ (t)−W ∗dσ′,LkσG<Lkσ,dσ′ (t)
]
. (A.8)


















dσ′,Lkσ (ω)−W ∗dσ′,LkσG<Lkσ,dσ′ (ω)
]
, (A.9)
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If we assume the two ferromagnetic leads are noninteracting, the lesser and greater
Green’s functions of the leads in Eq. (A.13), have the form of g<Lkσ,Lkσ (ω) = 2piifLσ
δ (ω − ²Lσ) and g>Lkσ,Lkσ (ω) = −2pii [1− fLσ] δ (ω − ²Lσ). By substituting those identi-

















We now replace ²Lσ with ², and take the approximation that
∑
k
→ ∫ d²ρLσ (²) ,where

















CURRENT IN THE DMSQD SYSTEM
in which we can adopt the low-bias approximation, 2piρLσ(²)Wdσ′,Lkσ(²)W ∗dσ′′,Lkσ(²) =
ΓLσσ′,σ′′ , where Γ
Lσ
σ′,σ′′ is taken to be constant (zero) within (beyond) the energy range
close to the lead’s electrochemical potential around which most of the transport occurs,

























Effective polarization of FM leads
The effective polarization is shown here explicitly for the QD-DBMTJ system in Chapter
4 with the presence of the spin-flip events during tunneling the junction between the
lead and the dot (SF-TJ).








|[(1− ην↑) ρν↑ + ην↓ρν↓]− [(1− ην↓) ρν↓ + ην↑ρν↑]|
[(1− ην↑) ρν↑ + ην↓ρν↓] + [(1− ην↓) ρν↓ + ην↑ρν↑]
=
|(1− 2ην↑) ρν↑ − (1− 2ην↓) ρν↓|
ρν↑ + ρν↓
,
where ρνσ (ρ′νσ) is the real (effective) density of states (DOS) for the electrons of spin
state σ (σ = {↑, ↓}) in the lead ν. Applying the simplifying assumptions of (i) spin and
lead independent SF-TJ rate, ην↑ = ην↓ = η, and (ii) symmetric leads, pν = p, Eq. (A1)
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becomes
p′ = p′ν =
|(1− 2ην↑) ρν↑ − (1− 2ην↓) ρν↓|
ρν↑ + ρν↓
(B.2)
= (1− 2η) |ρν↑ − ρν↓|
ρν↑ + ρν↓
= (1− 2η) pν
= (1− 2η) p.
In this case, by applying the two current model, one obtains TMR ∝ (p′)2 = (1− 2η)2 p2.
For a fixed p, we obtain TMR ∝ (1− 2η)2.
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